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General introduction 
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1.1. The recent progress of power sources in the future 
 During the past several decades, the growth of science and technology in the 
world is rapid and changeable. In this growth, the human life became convenient and 
comfortable to enjoy their living. Electronic devices have been rapidly developed and 
are the decisive factor to support happy life. Many people are using their portable 
devices such as laptop computer, cellular phone, MP3 players and so forth, everyday, 
everywhere. As the portable products become more advanced, their size and weight 
continue to reduce, the demands for energy storage device, such as smaller size, higher 
energy density and lighter weight are also continuously increased. The demands using 
these devices for long time are leading an increasing energy density for energy storage 
system. The batteries, especially secondary batteries have been essential part of power 
source for these devices. In the future, it will become a key factor to pursue comfortable 
human life.  
At the same time, the concerns about the environmental friendly and re-generate 
energy sources have also increasing for protecting an environmental, such as global 
warming and environmental degradation. In present time, the main sources for energy 
are fossil fuel which can generate the electric energy. However, these energy sources 
cannot re-generate and emit greenhouse gases which caused global warming. It is not 
necessary to say that a sustainable supply of energy sources, especially green energy 
system, is the important and fundamental areas with regard to human life. We can image 
the energy systems near future. The electric power source will produce by 
environmental friendly wind generation and solar cell and produced electric power can 
store the batteries which are not harmful and friendly to environmental. In the electric 
and energy field, secondary batteries will play a critical factor in reducing the 
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environmental hazard and enable the effective construction of green energy society.  
 
1.2. Battery and electric double layer capacitor (EDLC) 
A modern technological society demands the use and storage of energy on the 
major scale, employing large and small systems for their purpose. Electrochemical 
energy can be stored in two fundamentally ways: (1) faradaic oxidation and reduction of 
the electrochemical active materials to release charges, (2) non-faradaic reaction with 
negative and positive electric charges on the electrode. The lithium ion batteries use 
faradaic reaction but the capacitor use non-faradaic reaction. In energy storage by 
capacitors, only an excess and a deficiency of electron charges on the capacitor plates 
have to be established on charge and the reverse on discharge; no chemical changes are 
involved. However, with storage of electrochemical energy in battery cells through 
faradaic reactions, chemical interconversions of the anode and cathode materials must 
take place, usually with phase change. Although the overall energy change can be 
conducted in a relatively reversible thermodynamic way, the charge and discharge 
processes in a battery often involve irreversibility in interconversion of the chemical 
electrode materials. Thus the cycle life of battery cells is usually restricted to one 
thousand to several thousand cycles depending on the type of battery. By contrast, a 
capacitor has an almost unlimited cycleability because no chemical and phase changes 
are involved in its cycling. In generally, Li-ion battery has high energy density but it has 
low power density. The energy density of Li-ion battery decreases with increase in rate 
capability. Conventional EDLC has high power density but it has low energy density. 
The relationship between specific energy density and power density of battery and 
EDLC is shown in Fig.1.1.  
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Nowadays, high power density and high energy density are required as a power 
sources for hybrid electric vehicle (HEV) and electric vehicle (EV). For HEV and EV, 
the energy density up to the target as shown in Fig.1.1 is needed. 
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Fig. 1.1 Specific energy density of several batteries and capacitors. 
 
1.3. Electric double layer capacitor  
The discovery of a so-called condenser, now referred to as a capacitor that electric 
charges could be stored on the plate, was made in the mid-eighteenth century during the 
period when the phenomena associated with ‘static electricity’ were being revealed. The 
embodiment known as a condenser is attributed to Musschenbroek [1] in 1746 at 
Leyden in the Netherland, hence the name ‘Leyden jar’. 
4
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The electrochemical capacitor was supposed to boost hybrid electric vehicle to 
provide the high or strong power for acceleration, and additionally allow the recovery of 
braking energy. New or novel electrochemical capacitors fill in the gap between 
batteries and conventional capacitors such as electrolytic capacitors or metallized film 
capacitors. Thus, electrochemical capacitors will overcome in terms of power density 
and also improve capacitor performance in terms of energy density. In addition, 
electrochemical capacitors have a longer cycle life as compared to batteries because no 
or negligibly small chemical charge transfer reactions are involved. Compared with 
those of other secondary batteries and Li-ion battery, it has following advantages: 
 Long cycle life, >100,000 cycles; some system up to 106. 
 Good power density ( under certain conditions, limited by IR or equivalent 
series resistance (esr) complexity of equivalent circuit) 
 Simple principle and mode of construction.  
 Cheap material ( for aqueous embodiment) 
 Combines state-of-charge indication, Q= CV 
 Can be combined for rechargeable battery for hybrid application (electric 
vehicles) 
 
1.3.1 The history of EDLC 
The EDLC based on a double layer mechanism was developed in 1954 by H. I. 
Becker using a porous carbon electrode [2]. This capacitor described electrical energy 
storage by means of the charge held in the interfacial double layer at a porous carbon 
material perfused with aqueous electrolyte. The principle involved was charging of 
capacitance of the double layer, which arises at all solid/electrolyte such as metal, semi 
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conductor, and colloid surfaces. 
After Becker, the Sohio corporation also utilized the double-layer capacitance of 
high-area carbon materials, but in a non-aqueous solvent containing a dissolved 
tetraalkylammonium salt electrolyte. This capacitor provides higher operating voltages 
of non-aqueous electrolytes than those for aqueous ones. Thus they can accommodate 
higher charge densities and provide larger specific energy.  
A different principle was utilized and developed by Conway [3]. One type of 
systems, so-called “pseudocapacitance” associated with the potential dependence of 
extents of electrochemical adsorption of H or monolayers levels of electrodeposition of 
some base metals (Pb, Bi, Cu) at Pt or Au was used as a basis for energy storage 
capacitor[5-8]. In another type of systems, the pseudocapacitance associated with solid 
oxide redox systems, such as RuO2, was used, especially that developed over some 1.4 
V (practical range 1.2 V) in aqueous H2SO4. This system approaches almost ideal 
capacitative behavior, with a large degree of reversibility between charge and discharge, 
and multiple cycleability over some 105 cycles. But the Ru materials used are too 
expensive for the development of a large-scale capacitor for use in hybrid systems or 
EV  
The large capacitances that can be developed with the RuO2 film system and also 
with the carbon double-layer type capacitors led to the terms “supercapacitor” or 
“ultracapacitor” being coined, respectively, for these two types of high specific 
capacitance devices. The use of high-area carbon or oxide redox systems has led to the 
commercial production of practical high capacitance electrochemical capacitor devices 
such as that developed by Matsushita Electric Industrial Co. and by Pinnacle Research. 
The commercial products are designed to provide standby power for random access 
6
7 
memory (RAM) devices or telephone equipment, as power sources for operating 
activators, and as elements for long time constant circuits, etc. Recent opportunities for 
the use and development of larger scale capacitors arise from the possibility of using 
them in hybrid configurations with secondary batteries in electric vehicle power 
systems.  
 
1.3.2 General concepts of Electric Double Layer Capacitor (EDLC) 
1.3.2.1 Principle of EDLC 
Fig. 1.2 shows a schematic diagram of an electric double layer capacitor consisting 
of a single cell with a high surface-area electrode material, which is loaded with 
electrolyte [9].  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.2 Basic structure of electric double layer capacitor. 
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Electric double layer capacitors store the electric energy in an electrochemical 
double layer (Helmholtz Layer) formed at a solid/electrolyte interface. Positive and 
negative ionic charges within the electrolyte accumulate at the surface of the solid 
electrode. The quantity of ion removed from the electrolyte equals the charge developed 
on the electrode surface. Therefore, the maximum energy stored in a capacitor is limited 
by the capacitance of the capacitor C, and the maximum operating voltage, V. From the 
energy density’s view point, the maximum energy density of a capacitor depends on the 
specific capacitance of the electrode, Cp under the constant operating voltage. The 
energy density, Ee, or total energy, Ue, based on the electrode material is determined by 
the specific capacitance of the electrode, respectively, and the operating voltage. It can 
be expressed by following formulas, respectively: 
 
Ee = 1/8CpV2    or    Ue = 1/2 CV2 
 
The relation between power density and energy density has attracted much 
attention in evaluation of the performance of electrochemical capacitor, especially since 
such devices are perceived as capable of delivering high power on discharge although 
intrinsically their energy density is low. Fig. 1.3 shows the energy density and power 
density of Li-ion capacitor together with those of conventional EDLC. Li-ion capacitors 
achieve energy density of 25Wh/kg and 15Wh/kg at power density of 1000W/kg and 
4000W/kg (Cell 3), respectively. Li-ion capacitor shows three or four times larger 
energy density than that of EDLC and has appreciable energy density level at high 
power density. 
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Fig. 1.3 Energy density and power density of Capacitors. 
 
1.3.2.2 Faradaic and non-faradaic process 
- Non-Faradaic reaction 
The charge accumulation is achieved electrostatically by positive and negative 
charge residing on two interfaces separated by a vacuum or a molecular dielectric (the 
double layer or, e.g., a film of mica), a space of air or an oxide film. 
- Faradaic reaction 
   The charge storage is achieved by an electron transfer that produce chemical or 
oxidation state changes in the electroactive materials according to Faraday’s law related 
to electrode potential.  
   In a capacitor, actual negative and positive charges are accumulated on the electrode 
plates with lateral repulsion. However, in some case of double layer charging, some 
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partial electron transfer occur giving rise to pseudocapacitance. 
             M+ A          M/A(1-δ)- + δe (in M) 
   The electrons involved in double-layer charging are delocalized conduction-band 
electrons of the metal or carbon electrode, while the electrons involved in 
faradaic-battery type processes are transferred to form valence-electron states (orbital) 
of the redox cathode or anode reagent, although they arrive in or depart from the 
conduction-band states of electronically conducting support material. In some cases, the 
faradaically reactive battery material itself is metal conducting like e.g., PbO2, some 
sulfide, RuO2, or some well-conducting semiconductor and a proton conductor. 
 
1.3.2.3 Classification of electrochemical capacitors 
Generally, capacitors are distinguished by several criteria such as the electrode 
material utilized, the electrolyte, or the cell design. With respect to electrode materials 
there are four main categories; carbon based materials, metal oxide, polymeric materials 
and graphitic carbon. 
 
1.3.2.3.1 Carbon  
   The carbon element exists in several allotropic forms with various properties. 
With the exception of diamond and fullerenes, the other modification of carbon are 
variously used in construction of electrochemical capacitors and batteries of alkaline 
types involving MnO2 and some Li primary batteries, as well as support material for 
fuel cell catalysts and conducting polymer capacitor matrices.  
The activated carbon electrode is the most important component in EDLC. EDLC 
must have large capacitance and high electrochemical stability to obtain high energy 
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density and stable performance. The achievement of the excellent performance in EDLC 
requires an electrode material (activated carbons) with high specific surface area, having 
suitable surface property and pore geometry. 
   For electrochemical capacitors, the carbon must have (1) high specific surface area, 
on the order of 1000 m2g-1; (2) good intra- and interparticle conductivity in porous 
matrices; (3) good electrolyte accessibility to intrapore surface area. The surface 
conditioning of powdered or fibrous carbon materials for capacitor fabrication is most 
important for achieving the best performance, namely, good specific capacitance, 
conductivity and minimum self-discharge rate. The carbon materials should be free 
from impurities, such as Fe species, peroxide and O2. The several types of carbon are as 
shown in Fig 1.4. 
 
 
 
Fig. 1.4 A few types of carbon used in capacitor and Li-ion batteries. 
 
Carbon with high specific surface area is quite susceptible to anodic electrolyte 
decomposition which decreases both stability and conductivity in electrochemical 
capacitor [10]. The type of carbon depends on the precursor that was carbonized. A term 
to identify carbons that are graphitizable (form graphite-like structures) or 
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non-graphitizable by heat treatment is divided into two types as follow: 
- Hard carbon 
Hard carbons are non-graphitizable and mechanically hard. Hard carbons are 
obtained by carbonizing precursors such as thermosetting polymers (phenol 
formaldehyde resins, furfuryl alcohol, and di-vinyl benzene styrene copolymer), 
cellulose, charcoal, and coconut shells. Transforming from solid precursor to solid 
carbon during the carbonization usually form hard carbon. The inability of hard carbon 
to form a graphitic structure by heat treatment is the presence of strong cross linking 
bonds which impede movement and re-orientation of the carbon atoms to form the 
ordered layer structure of graphite. 
- Soft carbon 
Soft carbons are mechanically soft and can be graphitized. Carbonizing precursors 
such as petroleum coke, oil, and coal-tar pitch form soft carbons. In these materials, the 
formation of carbon proceeds through an intermediate liquid-like phase named as a 
mesophase, which facilitates the three-dimensional ordering that is necessary to create a 
graphite-like structure. 
- The gravimetric capacitance dependence on the specific surface area of 
activated carbon. 
The activated carbons commercially produced for the electrode material of EDLC 
are generally divided into two groups. They are hard carbon type activated carbons and 
soft carbon type activated carbons. The hard carbon type activated carbons are obtained 
by steam activation of coconut shells or alkali activation of resins, most commonly 
phenol resin. The soft carbon type activated carbons are produced by the alkali 
activation of carbonized mesophase pitch and needle coke. Commercially available soft 
12
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carbon type activated carbon gives high density and high volumetric capacitance. 
However, their swelling and gas evolution during the use are sometimes problems to be 
solved. 
Fig.1.5 shows the dependence of the gravimetric capacitance of activated carbon 
electrode on the specific surface area of the activated carbons used. Hard carbon type 
activated carbons having the specific surface area over 2000 m2g-1 shows the 
capacitance of more than 160 Fg-1 as shown in Fig. 1.5. Such activated carbons are 
derived from resins and obtained by expensive high temperature alkali activation. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1.5 Dependence of gravimetric capacitance on the specific surface area of the 
activated carbons. 
 
 
 
13
14 
1.3.2.3.2 Metal oxide 
   Conducting metal oxide like RuO2 or IrO2 were the favored electrode materials in 
early EDLCs used for space or military applications [11]. Very high specific capacitance 
of up to 750 F/g was reported for RuO2 prepared at relatively low temperatures [12]. 
The cyclic voltammogram of RuO2 and also IrO2 electrode have an almost rectangular 
shape and exhibit excellent capacitor behavior [13-14]. However, the shape of CV is not 
a consequence of pure double layer charging, but of a sequence of redox reactions 
occurring in the metallic oxide. The valence state of Ru may change from IV to VI with 
in a potential window of slightly > 1V. The ratio of surface charging to bulk processes 
was nicely separated by Trasatti [13]. In aqueous acid electrolytes, the fundamental 
charge storage process is proton insertion into the bulk material. The high specific 
capacitance in combination with low resistance resulted in very high specific powers. 
These capacitors, however, turned out to be too expensive. Capacitor cost showed that 
90% of the cost resides in the electrode material. In addition, these capacitor materials 
are only suitable for aqueous electrolytes, thus the cell voltage is limited to 1V. 
 
1.3.2.3.3 Polymers 
Polymeric materials, such as p- and n-dopable poly (3-arylthiphene), p-doped poly 
(pyrrole), poly (3-methylthiophene), or poly (1, 5-diaminoanthraquinone) have been 
studied by several research group [15-17] as electrodes for electrochemical capacitors. 
The typical cyclic voltammogram of a polymer, however, is not a rectangular shape, as 
it is expected for typical capacitor, but exhibits a current peak at the redox potential of 
the polymer. In order to be able to use the same electrode material on both capacitor 
electrodes polymers with a cathodic and an anodic redox process were utilized recently 
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[17]. 
  Use of a polymeric material for electrochemical capacitor electrodes give rise to a 
debate as to whether such devices should still be called as capacitors or batteries. In 
terms of voltage transient during charge and discharge and CV, they are batteries. 
Compared to metallic oxides, however, the term capacitor is justified. The difference 
being only that the metallic oxides exhibit a series of redox potentials giving rise to an 
almost rectangular CV while the polymer typically has only one redox peak. 
High energy density and high power density have been found in such types of 
capacitors [17]. The long-term stability during cycling, however, may be a problem. 
Swelling and shrinking of electroactive polymers is well known and may lead to 
degradation during cycling. 
 
1.3.2.3.4 Electrolytes 
Another criterion to classify various electrochemical capacitors is the used 
electrolyte. Aqueous acid and alkaline solution used for low-voltage aqueous 
supercapacitors and some non-aqueous electrolytes are used for capacitors which could 
be operated at higher voltage like (e.g., 3.5 to 4.0V). Some of the electrolyte solutions 
or solvents of Li battery technology with substitution of Li salts by tetra-alkyl 
ammonium salts have been used owing to their high solubility in non-aqueous solvent 
of ester carbonate and moderately good conductivity. 
- Aqueous electrolyte 
Aqueous electrolytes limit the unit cell voltage of EDLC to typically 1 V, thus 
reducing the available energy significantly compared to organic electrolytes. 
Advantages of the aqueous electrolyte are the higher conductance and the fact that 
15
16 
purification and drying process during production are less strict. The costs of aqueous 
electrolytes are usually much lower than suitable organic electrolytes. Capacitor 
produced by NEC and ECOND [18] use aqueous electrolyte. Aiming to get high power 
density, R. Kotz et al. [19] introduced the glassy carbon based capacitor using an 
aqueous electrolyte. It should be further pointed out that the capacitor has to be 
developed for one or the other electrolyte, not only because of material aspects but also 
the porous structure of the electrode has to be tailored for the size and the properties of 
the respective electrolytes. 
In order to avoid electrolyte depletion problem during charging of the capacitor, the 
electrolyte concentration has to keep high. If the electrolyte reservoir is too small 
compared to huge surface area of the electrodes, performance of the capacitor is reduced. 
This kind of problem is particularly important for organic electrolytes where solubility 
of the salt may be low. Zheng and Jow et al [20] found, however, that concentration 
higher than 0.2 molar are sufficient. 
- Organic electrolyte 
   Organic electrolyte for electrochemical capacitors have attract considerable attention 
due to their greater electrochemical stability (>3 V) compared to aqueous system (1V). 
The wider voltage window offered by non-aqueous electrolyte provides increased 
energy (E=1/2CV2). However, limitation of the power capability of non-aqueous 
electrolyte is their inherent lower conductivity. An important property of non-aqueous 
system is their lower conductivity which depends on the viscosity, permittivity, and ion 
concentration of the electrolyte. In addition, capacitance is also sensitive to the 
electrolyte concentration. 
   Recently, various number of quaternary ammonium salt have been investigated for 
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electrolyte in EDLC [21-26]. Ue and his co-workers investigated several ammonium 
and phosphonium ion based salts in several organic solvent. They concluded that 
tetraethyl ammonium tetrafluroborate (TEABF4) in propylene carbonate (PC) was a 
better electrolyte conductivity and stability.  
  Some chemists have proposed in the view points of use of new ionic liquid [27-28]. 
Ionic liquids based on immidazolium salt are solidified or crystallized at below room 
temperature and have been applied to numerous electrochemical, photovoltaic, and 
synthetic field [29-32]. Originally, the EMIPF6 (Ethyl methyl immidazolium) was 
synthesized by Fuller and his co-worker for its relatively low melting point 
(mp=58-60°C) in thermal battery applications. EMIPF6 make weak ion pair and have a 
little hydrogen bonding in the crystal as suggested by J. Fuller [30].  
- Electric conductivity of PC solution on the concentration of solutes for 
electricdouble layer capacitor 
   The effects of solute concentration on conductivity were measured by T. Morimoto 
[33]. Those are most common supporting salts for the nonaqueous electrolyte solution 
of electric double-layer capacitors.  
Fig. 1.6 shows the dependence of solute concentration in propylene carbonate (PC) 
on the conductivity. The solutes are tetra-ethyl ammonium fluroborate (TEABF4), ethyl 
methyl imidazolium fluroborate (EMIBF4), di-ethyl methyl 2-methoxy ethyl ammonium 
fluroborate (DEMEBF4) and spiro-(1,1)-bi-pyrrolidinium fluroborate (SBPBF4). The 
electric conductivity of these solutions becomes high as the concentration of the solutes 
increases. As TEMABF4, and SBPBF4 are more soluble in PC than TEABF4, the PC 
solution of TEMABF4, EMIBF4, and SBPBF4 show higher conductivity than that of 
TEABF4. EMIBF4 is comparatively unstable in the PC solution against higher charge 
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voltage and weak against high temperature. On the other hand, the PC solution of 
TEMABF4 and SBPBF4 are more stable and can be used up to the cell voltage of 2.7 V. 
This is because of their electrochemical stability is determined by the electrochemical 
decomposition of PC. Consequently, the PC solutions of TEMABF4 and SBPBF4 are 
more commonly used as the electrolyte of the capacitor in large pulse power sources. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. 6 Dependence of solute concentration in PC solution on the conductivity. 
 
1.3.3 Classes of advanced capacitor 
Table.1 gives the detail information regarding electrode configuration, electrolyte 
and operating voltage of advanced capacitors as well as that of EDLC. During charging 
and discharging, Li cations intercalate and de-intercalate at the intercalation carbon 
anode of Li-ion capacitor and dual carbon capacitor. While, PF6 anions intercalate and 
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de-intercalate at the intercalation carbon cathode of megalo-capacitance capacitor and 
dual carbon capacitor. Considering the mechanism of electrode reaction, the operating 
cell voltage and anode potential of each capacitor, it was speculated that Li-ion 
capacitor works at the lowest cathode potential and is more favorable for a long term 
operation among the capacitors. 
 
Table 1 The types of advanced capacitors 
 EDLC Li-ion Cap. Megalo Cap. 
Dual Carbon 
Cap. 
Cathode Activated C Activated C Graphitic C Intercalation C 
Anode Activated C Intercalation C Activated C Intercalation C 
Electrolyte TEMABF4-PC LiPF6-EC/PC TEMAPF6-PC LiPF6-PC/EMC 
Cell Voltage 2.5 V 3.8 V 3.5 V 4.2 V 
Type EDLC Hybrid Cap. EDLC Redox Cap. 
 
In comparison to EDLC, Li-ion capacitor offer higher capacitance, higher cell 
voltage, potentially high energy density and lower cost per watt-hour. Advanced 
capacitor such as Li-ion capacitor is a relatively new field of development. Considering 
the scope of new potential material and combination, it is expected that industrially 
advanced capacitors will soon emerge.  
These advanced capacitors are what we called Li-ion capacitor, nano-storage 
capacitor and dual carbon capacitor. Capacitance of the intercalation carbon electrode is 
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a few times larger than that of the non-faradaic EDLC. Thus the depth of charge and 
discharge of the intercalation carbon electrode are allowed to be shallow, giving them a 
long cycle life capability. 
 
1.4. Lithium ion battery 
1.4.1 The history of lithium ion battery 
In the 1970s, the lithium metal primary batteries based on lithium negative 
electrode and non-aqueous electrolytes such as propylene carbonate perchlorate were 
developed with Matsushita Co. They introduced a lithium carbon monofluoride primary 
cell in 1973, as followed by Sanyo which commercialized primary lithium manganese 
dioxide primary cells in 1975. These cells were used for LED finishing floats, cameras, 
and memory backup application. A strong research effort then was mounted to convert 
lithium primary batteries into rechargeable batteries with high energy density. In the 
1970s and 1980s most efforts concentrated on inorganic compounds and conducting 
polymer materials for cathode. Inorganic compounds could be reversibly intercalated by 
lithium. The first cells of this type appeared when Exxon and Moli Energy tried to 
commercialize the Li/TiS2 and Li/MoS2 systems, respectively. However, they were low 
voltage systems operating near 2 volts. Conducting polymer materials such as 
polyacetylene were developed as possible negative and positive electrode materials. 
However, these polymer materials have low density of less than 1, and the batteries 
made with these materials offered no competitive advantage when it is enlarged, except 
for the polyacene battery. The low-density conduction polymer cathodes have found a 
use only for coin cells for memory backup. All of these systems have critical safe 
problems because they continued to use metallic lithium anodes that result in lithium 
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corrosion, forming dendrites and then cell shorting during charge/discharge process.  
The next decade saw substantial research and development on advanced battery 
systems based on the insertion and removal of lithium ions into host compounds using 
as both electrodes. In 1991, Sony Energytech introduced the first commercial lithium 
ion battery based on a carbon (non-graphite) anode and a LiCoO2 cathode [34]. A few 
months later, Bellcore demonstrated the feasibility of a parent system based on the 
carbon/Li1+xMn2O4 system. Furthermore, several Japanese companies have also 
announced commercialization of their particular lithium ion technology, i.e., Sanyo, 
Mitsubishi Battery Industry, Hitachi Maxell, and A&T Battery. These batteries 
apparently show acceptable performance characteristics under a variety of different 
design applications. In a number of cases, a higher specific capacity graphitic anode has 
replaced the non-graphitic type used in the original Sony configuration. Furthermore, 
prismatic designs as well as cylindrical ones are now commercially available.   
 
1.4.2 General concepts of Li-ion battery 
1.4.2.1 Lithium metal battery 
Lithium has a lower atomic number and a highest electrode potential of all metal 
that results in significantly highest energy density compared to other rechargeable 
batteries such as lead-acid, Ni-Cd, and Ni-MH batteries.  
The discharge process of lithium metal battery system involves three main steps; 
1) Dissolution of lithium ions at a lithium metal anode 
2) The migration of lithium ions across the electrolyte and separator 
3) The insertion of lithium ions into the crystal structure of the host compound, 
while the compensating electrons travel in the external circuit.  
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Commonly used cathode material in lithium metal battery are the inorganic 
compounds, such as transition metal dichalogenides and oxides compounds, 
characterized by layered or tunneled structures, which could provide channels for 
lithium ions in order to access more easily and more fast in the lithium battery system. 
Furthermore, it is well known that some cells using above cathode materials, e.g. 
Li/V6O13 [35] and Li/TiS2 [36], have been proven to have a basic reversible behavior 
when these used in the lithium primary battery. Therefore, it would be highly welcome 
as an alternative power source if these were successfully designed to lithium secondary 
battery. Obviously, lithium, an anode, can give higher energy density than the other 
anodes. A view point of energy density and environmental aspects and especially for the 
development of electric vehicle, lithium secondary battery has many advantages 
compared to the conventional alkaline or lead/acid batteries. 
On the basis of this assumption, I believe that lithium secondary battery with a 
metallic lithium anode is capable of very long cycle life and serves a fairly stable user 
environment. However, the cycling of this battery is limited by the poor cycleability 
owing to the characteristic of lithium metal electrode in practice. The major reason for 
the limited cycle life is its short circuit resulted from the growth of lithium dendrite and 
macroscopic shape change, which results in the rapid increase of the anode surface area 
during the charge/discharge process [37-38]. The incontrollable and violent increase of 
the anode surface area caused the increase of the self-heat-liberation rate, which would 
intensify the anode’s sensitivity to thermal abuses and resulted in latent safety hazard.  
 
1.4.2.2 Lithium ion battery 
Lithium ion battery (LIB) emerged from lithium metal battery so as to eliminate its 
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un-safety problem. The mechanism of lithium ion battery is shown in the Fig 1.7.  
 
Positive electrode: 
LiCoO2                  Li1-xCoO2 + xLi+ + xe- 
 
Negative electrode: 
6C + xLi+ +xe-                   LixC6 
      
Fig. 1.7 Basic structure and redox reaction of lithium ion battery. 
 
The lithium metal was substituted with other insertion compounds, such as 
graphite or non-graphitic carbon, while the LiCoO2 was used as cathode material. The 
entire electrochemical process would involve the reversible transfer of lithium ions 
between the both electrodes. During charge process, lithium ion deintercalated form the 
cathode layers, then the transported and intercalated into the carbonaceous anode. While 
the discharge process occurred, the lithium ions are deintercalated form the 
carbonaceous anode and intercalated again to empty site between layers of cathode 
discharge 
charge 
discharge 
charge 
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material. Thus this battery is sometimes called as the “Rocking Chair Battery” [39] or 
the “Swing Battery” [40] from the view point of lithium transfer. The LIB was 
conceived and developed in Japan by Asahi Kasei Co. and first commercialized by Sony 
Co. in 1991. The LIB was accepted immediately because it has higher energy density 
than other rechargeable batteries such as lead-acid, nickel-cadmium and nickel-hydride 
batteries. LIBs have been used in mainly for portable devices, especially cellular phones 
and notebook computers. In recently, it has been extended their area to power tools and 
battery-assisted electric bicycles. And several companies start to apply the lithium ion 
battery for use in hybrid electric vehicles to replace the Ni-MH. Even though a 
commercial reality, lithium ion batteries still need some intensive research works with 
the aim of further improving their properties and characteristics. 
Moreover, high specific energy density (related to both average working voltage 
and reversible capacity) and long cyclic life (related to the stability of structure and 
electrode-electrolyte interface) are simultaneously required for a high performance 
Li-ion battery. 
Therefore, some aspects should be considered in the design of new electrode 
materials for lithium rechargeable batteries. In general, structure, chemical stability and 
the available redox couples of electroactive materials are the primary points. Ideally, it 
should fill following conditions: 
-  An open structure to permit reversible lithium migration  
In brief, the working principle of lithium rechargeable battery is the reversible 
migration of lithium between cathode and anode accompanied by a redox process, 
whose reversibility is prerequisite to Li secondary battery. Thus, the structure of the 
compound should be open for lithium insertion into its lattice.  
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-  Stability of electrode and electrolyte 
This is the requirement for a long cycle life. The insertion/extraction reaction has a 
topotactic character and both insertion and extraction of guest lithium ions into and 
from host compound should ideally keep original host structure. On the other hand, the 
oxidation of electrolyte should be avoided during cycling. 
-  A higher specific energy density  
The specific energy density (per weight or per volume) is related to both the 
working voltage and the reversible capacity. The former depends on the potential of the 
redox process and the latter is restricted by the reversible amount of lithium 
intercalation. The available redox pair should locate in a higher and suitable potential 
range and the structure of material should be stable in wide composition range in order 
to obtain a high capacity.  
-  Higher electrode conductivities  
The electrochemical lithium insertion/extraction reactions involve both lithium ions 
diffusion in the lattice and charge transfer process on the particle surface. Thus, 
electrode’s conductivity includes both lithium ion conductivity in active material bulk 
and electronic conductivity of electrode. Higher electronic conductivity is helpful to 
keep the inner resistance low and gives an excellent power density. Beside this, lower 
interfacial resistance for electrochemical reaction is desirable for the lower polarization 
of the electrode. 
-  A low cost and environment benign. 
The cost and environmental impact should be always kept in mind for new battery 
design. It is one of the future challenges to develop cheaper and hazardless electrode 
materials with excellent battery performances. 
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Fig. 1.8 shows the working potential and capacity of the various electrode materials 
[41]. By the comparison of intercalation potentials for different lithium intercalation 
compounds as anode compounds, the choice LixC6 as negative electrode appears 
appropriate from the viewpoint of potential, which indeed approaches that of lithium 
metal.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.8 Relation between potential vs. capacity of some electrode materials. 
 
1.4.3 Carbonaceous anode materials for lithium ion battery 
Lithium metal is the most attractive material for use as an anode in rechargeable 
batteries because of its lower potential and its higher capacity. However, it caused 
dendrite formation by prolonged cycling, which brings about serious safety and 
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cycleability problems [42]. The safety problems with dendrite formation urgently 
demanded a replacement by carbonaceous material which can be intercalated and 
deinterclated into their host structure. By replacement of lithium metal by carbonaceous 
material, any lithium metal plating process and the conditions for the growth of 
irregular dendritic lithium could be considerably eliminated, which shows promise for 
removing the chances of shorting and over-heating of the batteries. Carbonaceous 
materials have found wide applications in the electrochemical society because of their 
good thermal and electrical conductivity, low density, adequate corrosion resistance, 
lower expansion, low cost and high purity. In fact, the ability of carbonaceous materials 
to insert various species was well known by the latter half of the 1800s. Juza and Wehle 
described carbon lithiation studies in the middle of last century [43]. Guerard and 
Herold completed pioneering research of lithium intercalation into graphite and other 
less-ordered carbons such as cokes by a vapor transport method in 1975 [44]. In 1980, 
Basu utilized lithium-graphite compounds (GIC) in lithium secondary battery for the 
first time using LiCl-KCl melting salts as electrolyte [45]. In 1983, Yazami and Touzain 
succeed in synthesizing Li-GIC compounds electrochemically using a solid organic 
electrolyte [46]. The ease with which lithium can be intercalated and deintecalated from 
carbonaceous materials has led to numerous studies on lithiated carbon anodes for 
battery application.  
 
1.4.3.1 Staging phenomenon of Li-GIC 
Graphite intercalation compounds have one significant feature of the staging 
phenomenon. It is characterized by a peridodic sequence of intercalant layers (lithium 
caions) between graphite layers. Intercalated layers arranged between every n graphite 
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layer called by the nth-stage compound as schematically shown in Fig. 1.9. The 
first-stage Li-GIC compound has the specific capacity of 372 mAh/g with a theoretical 
saturated value (LiC6) of lithium storage for graphite. Fig. 1.10 illustrated the structure 
of the first stage lithium graphite compound. The staging phenomenon can be easily 
detected and controlled by the electrochemical measurement i.e., galvanostatic 
charge-discharge [47-48] and cyclic voltammetry (CV) [49-52] at low scan rate. In the 
case of galvanostatic charge-discharge of graphite electrodes in Li+-containing 
electrolyte, the reversible plateaus on the potential curves indicated two phase regions in 
the lithium-graphite phase diagram, whereas reversible current peaks demonstrates the 
two –phase regions in the CV. 
 
 
Fig. 1.9 Schematic view of staging Phenomenon in graphite intercalated compounds; 
-----, intercalant ( Li ) layer,       ,  graphite layer   
 
In addition to the electrochemical measurement, some physical studies have been 
applied to shed light on the stage occurrence and transitions during lithium intercalation 
into and deintercalation from graphite host. These methods include in-situ [47, 53] and 
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ex-situ [54] XRD, in-situ laser raman spectra [55], STM [56], and so forth.  
 
 
Fig. 1.10 Schematic view of the structure for the first stage lithium graphite 
intercalation compound 
 
1.4.3.2 Structure of carbonaceous materials 
Although carbon has several allotropes, graphite and its disordered forms are used 
as practical anode maters for LIBs. Graphite is a typical layered compound that 
compromise of sp2-hybridized carbon atoms. It is arranged in a planar honeycomb-like 
network, i.e., graphene layer is form. A weak cohesion of the graphene layers bonded 
together by Van der Waals forces leading to the layered graphite structure. The lattice 
belongs to a space group of P63/mmc, and the a- and c-axis lengths of the hexagonal 
unit cell are a0 = 0.246 nm and c0 = 0.6708 nm, respectively. Graphite crystal has two 
kinds of characteristic surfaces as basal and the edge plane.  
From a strictly crystallographic point of view, the term ‘graphite’ is only applicable 
to carbons having a layered lattice with a perfect stacking order of graphene layers, 
either AB (hexagonal graphite, 2H-, or α-phase) or the less common ABC 
(rhombohedral graphite 3R-, or β-phase). The stacking order of graphene layers in 
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graphite crystallities has shown in Fig. 1. 11.  
 
 
  (a)  AB stacking (hexagonal)             (B) ABC stacking (rhombohedral)  
Fig. 1.11 The crystal structure of graphite 
 
Because of the small energy for transformation from AB to ABC stacking , perfectly 
stacked graphite crystals are not readily available. The ratio of hexagonal to 
rhombohedral contents can be varied by certain processes such as milling shearing, 
thermal treatment [57-58]. The mechanical milling is able to destroy carbon-carbon 
bonds and thus to increase the number of structure defect, but heat-treatment does heal 
the graphite structure by reducing the number of defects. Rhombohedral phase contents 
up to 30% have been reported [59-61]. Several studies have suggested that a high 
rhombohedral content could suppress the exfoliation effect during the co-intercalation 
of solvated Li+ into graphene layers, especially for PC-based electrolytes. The 
rhombohedral and hexagonal contents of graphites can be estimated from XRD profile.  
The structure of layered graphite gives rise to basically two kinds of surfaces, 
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prismatic (edge) surfaces and basal plane surfaces [62-63]. Ideal basal plane surfaces 
are homogeneous and smooth and consist of carbon atoms. On the other hands, the 
prismatic surfaces are heterogeneous and rough and apart from carbon may contain 
various oxygen–containing surface groups. The quantity and quality of surface groups 
for graphites can be changed by mechanical, thermal, and chemical measures, or a 
combination of these methods. It is well known that the prismatic and basal plane 
surfaces of graphite show a different electrochemical behavior in many researches 
[64-65]. The intercalation of graphite with the electrolyte is also dependent on the 
respective surface and its properties because intercalation proceeds via the prismatic and 
not via the basal plane surface. Some papers also reported the direct relationship 
between specific surface area and the irreversible capacity.  
Even highly ordered graphites typically have a number of structural defects such as 
dislocations, steps, boundaries, point defects, and cracks. Carbons may also include 
crystallites containing carbon layers with randomly distributed misfits and 
misorientation angles of the stacked segments to each other (turbostratic disorder). The 
latter disorder can be identified from a non-uniform and on average increased interlayer 
spacing compared to graphite, the corresponding XRD patterns show relatively broad 
and quite asymmetric (00l) diffraction peaks because the three-dimensional regularity is 
poor but the roughly parallel and random stacking of graphene layers remain detectable. 
For turbostratic carbon, interlayer distances are somewhat diffused and on average 
larger than that of graphite. Disordered carbons fall into two types: soft carbon, whose 
turbostratic disorder is easily removed by heating to high temperature, and hard carbon, 
for which it is difficult to remove the turbostratic disorder at any temperatures.  
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1.4.3.3 Solid Electrolyte Interface Film Formation 
During the first discharge process, it is generally believed that a part of lithium 
atoms transferred to the carbon electrode electrochemically will react with the 
non-aqueous solvent, which contributed to the initial irreversible capacity. The reaction 
products form a Li+-conducting and electronically insulating layer on the carbon surface. 
This resultant called as solid electrolyte interface (SEI) film by Peled [66]. Once SEI 
formed, reversible Li+ intercalation into graphite, through SEI film, may take place 
although the carbon electrode potential is always lower than the electrolyte 
decomposition potential, preventing further electrolyte decomposition on the carbon 
electrode  
Besenhard et. al. presented the mechanism for SEI film formation of graphite via 
intercalation of solvated Li+ as schematically illustrated in Fig. 1.12 [67]. Ogumi et. al. 
verified this assumption in their systematic studies [68-70]. It is generally accepted that 
SEI film plays a very important role in the electrochemical performance of carbon 
anodes, especially graphitic carbons, which are much more sensitive to the electrolyte 
composition.  
Ethylene carbonate (EC) and propylene carbonate (PC) are the most widely used in 
solvent of electrolyte for lithium ion battery. PC-based electrolytes has superior low 
temperature performance to EC-based electrolytes because of their low melting point 
However, it is well known that EC-based electrolytes are suitable for graphite, whereas 
PC-based electrolytes are not suitable with graphite anodes, since PC decomposes 
drastically on graphite surface and exfoliates graphite particles [71-74]. In fact, EC is 
very similar to PC in chemical structure, but only differs by one methyl group. Why the 
introduction of this single methyl into cyclic carbonate causes graphite exfoliation and 
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electrolyte decomposition aroused the steric effect on solvent co-intercalation. 
 
 
Fig. 1.12 Schematic diagrams of the SEI formation mechanism of graphite via 
intercalation of solvated Li+  
 
Chung et al. added in the second methyl group into carbonate structure and got two 
geometric isomers, cis- and trans- butylene carbonate (BC) [75-76]. In the trans-BC 
based electrolytes the decomposition of the electrolyte and exfoliation were mild but 
very drastic in cis-BC based one. This experimental verified the significance of SEI 
formation mechanism via Li+-solvent co-intercalation. Nakamura et al. studied the 
performance of graphite in the non-aqueous electrolytes containing the binary solvent 
mixtures of PC/DEC, PC/DMC, and PC/EMC [77]. They found that once the PC 
concentration decreased to less than [PC]:[Li+] ≤ 2, the PC decomposition becomes 
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considerably suppressed.  
Combined with their extensive studies on the passivation films on lithium metal in 
non-aquous electrolytes [78-80], Aurbach et al. carried out a series of work on the 
electrochemical behavior of graphite in Li-ion batteries [81-85]. The importance of SEI 
structure and chemical composition for graphite performance was highlighted. For 
instance, ROCO2Li and (CH2OCO2Li) besides Li2CO3 were identified as the key 
components for the construction of effective SEI passivating graphite electrodes at 
ambient temperature. These conclusions were verified further by other groups using 
electron energy loss spectroscopy (EELS) [86], auger electron spectroscopy (AES), 
temperature programmed decomposition mass spectroscopy (TPD-MASS) [87], and so 
forth.  
Actually, some companies have used the “aging” process to construct stable SEI 
film on electrodes for Li-ion batteries. It was found that metastable species like 
ROCO2Li within the SEI layer will decompose into more stable products such as 
Li2CO3 and LiF at elevated temperatures. This leaves more pores in SEI film and 
exposes the graphite-lithium surface to electrolytes, causing more irreversible capacities 
during continuous cycling. Thus, the SEI film is composed mainly of stable species like 
Li2CO3 and LiF and prove to be robust and effective for passivating the graphite. 
 
1.4.3.4. Structure modification of graphite 
With the development of the studies, deeper, more comprehensive insights have 
been gained in understanding the key factors that control graphite’s electrochemical 
performance. The enriched knowledge of carbon properties helps battery researchers 
design and modify carbons to meet the practical needs in Li-ion batteries. In turn, 
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during the course of “processing” carbons, the understandings of carbon are further 
tested and rectified.  
Thus in the cycles of research, carbon’s electrochemical performance is improved 
step by step to approach the application targets in Li-ion batteries.  
One series of the carbon modification examples is ascribed to doping foreign 
elements into carbon bulk matrix (carbon alloy). Dahn’s group have occluded silicon 
into carbon by pyrolyzed silicon-containing resins, since each silicon can bond with 
four lithium atoms, the resultant silicon-containing carbon demonstrated very high 
reversible capacity [88-92]. The most prominent doping element for carbon matrix is 
boron because boron atom can be considerably dissolved into graphene layers and 
decreases the structure increase the crystallite size, and thus improve the crystallinity of 
carbon in the heat treatment [93-94]. Effects of phosphorus, sulfur, and nitrogen doping 
also have been investigated widely [95-96].  
Another series is the modification of the surface. The simplest way to modify the 
graphite surface is focused on the effect of functional groups, such as removing some 
detrimental functional groups such as –OH [97] from the graphite surface or grafting 
some groups like –COOH [98], -I [99], which are facile for the build up of SEI film and 
Li+ intercalation. A popular trend for surface modification is to coat a layer onto 
graphite surface, which is called the “core-shell” structure. The “core” material is 
generally graphite because of its sensitivity to the electrolyte, while the “shell” materials 
may be diversified, including metals or alloys, metal oxides, conducting polymers, and 
some other kinds of carbons. The “shell” materials may be active or inactive for Li+ 
storage. Carbon is one of the most promising coating materials partly because it is akin 
to the “core” material [100-101].  
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1.4.3.5. Improvement of surface film by Functional electrolyte additive 
EC-based electrolyte provides a good surface film on graphite, but PC-based 
electrolyte does not form SEI film and exfoliate during first charge process. However, 
the use of EC-based electrolyte causes some drawbacks such as poor conductivity at 
low temperatures due to its high viscosity. These problems have been overcome by 
introduction of functional electrolyte additives. Functional electrolyte additives were 
introduced in 1996 by H. Yoshitake [102]. They contain several additives and all 
electrolyte ingredients are highly purified to overcome the low battery performance of 
graphite anodes. Following the introduction of the functional electrolyte additive, the 
hard carbon anodes or graphite with lower degree of graphitization were quickly 
replaced by graphite anodes, which resulted in the quick increase of the LIB energy 
density. The electrochemical mechanism explaining the role of the additives is as 
following: all compound additives decompose during the first charging prior to 
electrolyte decomposition. Decomposition products of the additive cover the active 
points of the graphite anode and suppress further electrolyte decomposition at the active 
sites. Therefore, the surface film formed by additives on the anode plays an important 
role and partly replaces the SEI film formed by the decomposition of the electrolyte 
solvents. Functional electrolyte additives include chloroetylene carbonate (CI-EC) 
[103-105], 1.3-propanesulton (PS) [106], vinylene carbonate (VC) [107], fluoroethylene 
sulfite (FEC) [108], α-bromo-γ-butyrolactone, methyl chloroformate [109], t-bytylene 
carbonate (t-BC) [75-76], 12-crown-4 (12-C-4) [110] and some other anode-film 
formers that improve not only the cyclability of LIBs but also their safety. The amount 
and the type of the additives vary and depend on the properties of graphite.    
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1.5 Target of this research 
As mentioned in the preceding sections, electric double layer capacitor has high 
power density but low energy density because the big surface area of activated carbon is 
quite susceptible to anodic electrolyte decomposition, which in facts limits the working 
voltage for sake of safety. In recently, Yoshio et al. have developed the 
megalo-capacitance capacitor using graphite cathode and active carbon anode with 
1.5M TEMAPF6-PC electrolyte. Usually graphite is not a capacitor material because of 
its small ability of adsorption. They have proposed new idea to replace one of its 
activated carbon by graphite carbon as a cathode for capacitor. This capacitor has 
increased with the energy density because of increasing average working voltage and 
capacity. The present work aimed at developing novel energy systems to increase the 
energy density using a graphite cathode and metal oxide anode with 1.0M 
LiPF6-EC/DMC (1:2 by Vol.) electrolyte.  
The graphite electrode as anode for lithium ion batteries is the preferred material 
for negative electrode of lithium ion battery because of low cost and non-toxicity. Their 
positive features include a high reversible specific charge of up to 372 mAhg-1, a good 
cycling stability, as well as high electronic conductivity. Graphite intercalated reversibly 
with lithium in a four-stage process, which involves phase transitions. The lithium 
intercalation process into graphite occurs at very low potentials (below 0.3 V vs. Li/Li+). 
However, the electrochemical properties of graphite are limited to room temperature. A 
common phenomenon is that the lithium ion battery loses most of its capacity and 
power as the temperature falls below 0 oC. In the present work, the electrochemical 
properties of graphite electrode and formation of lithium deposition on surface of 
graphite at low temperature during charge-discharge process were investigated by 
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electrochemical test and In- and Ex-situ XRD.  
In Chapter 2, on the basis of megalo capacitance capacitor, I have introduced 
graphite/metal oxide energy storage systems. These systems showed a higher initial 
discharge capacity and average working voltage than MCC. The mechanism of this 
energy systems are basically intercalation/deintercalation of anions and cations in both 
electrodes which caused the lower cycle performance. To improve the cycle 
performance, I have controlled the weight ratio of cathode to anode. As controlled the 
weight ratio, they showed a better cycle performance because the voltage of cathode is 
decreasing with lower PF6 anion intercalation into graphene layer. Furthermore, I have 
also introduced the graphite/metal oxide capacitor limiting the cell voltage. Capacitors, 
especially graphite/Nb2O5 and graphite/TiO2 capacitor have high average working 
voltage compared MCC. These capacitor also occurred to intercalation/deintercalation 
reaction in graphite, but this reaction reduced by increasing the cycling 
In Chapter 3, I have investigated the electrochemical properties of graphite anodes 
and the deposition of lithium metal on surface of graphite at low temperature. The 
graphite samples showed poor electrochemical properties compared with those at room 
temperature. All graphite show lower charge voltage plateaus and higher discharge 
voltage plateaus because of low ionic conductivity in electrolyte and the slow lithium 
diffusion in graphene layers. The lithium deposition on the surface of graphite was also 
investigated by comparing the colors of electrode and Ex-situ x-ray diffraction The 
XRD result after first charge revealed that the lithium deposition can easily form the 
surface of graphite. The degree of lithium deposition has investigated with the physical 
properties. The graphite having high contents of rhombohedral phase showed high 
degree of lithium deposition on surface of graphite.   
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In Chapter 4, the effects of carbon coating on graphite and additive in electrolyte 
were studied by ex-situ XRD for suppression of lithium deposition on surface of 
graphite. Carbon coated graphite showed better electrochemical properties than other 
graphite samples. In ex-situ XRD results, we can observe the lower lithium metal peak 
and the formation of 1st stage. The carbon coating on graphite can easily diffuse the 
lithium ion in graphite and make a new SEI film, potentially constituting a different 
component in comparison with cycling in the absence of a carbon coating. 
1,3-Propane sultone additive was found effective for suppressing PC decomposition 
and Li metal deposition on the surface of the natural graphite electrode through 
covering of the active sites of the graphite by the reduced compounds of the additive, 
protecting the graphite surface and maintaining a homogenous potential profile of the 
surface of the electrode.  
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A novel energy storage system using a 
graphite cathode and Metal oxide anodes 
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2.1. Introduction 
Recently, rechargeable energy storage systems have attracted growing interest 
because of increasing fuel costs and environmental issues. Among them, the lithium ion 
batteries (LIBs) and the electric double-layer capacitors (EDLCs) were the best 
candidates for alternative energy storage systems. LIBs have been considered as a 
promising power source of portable devices due to high volumetric and gravimetric 
energy densities compared with those of other rechargeable battery systems [1]. 
However, the LIB has a poor power density and a safety problem, making it difficult to 
apply to high power devices. Recently, several fires caused by LIBs were reported due 
to the deposition of lithium and/or other metal ions on the graphite anode which can 
cause a short circuit between the anode and cathode [2]. Furthermore, it has been 
reported that the electrolyte can react with Li intercalated carbon anode resulting in the 
decomposition of cathode material and the release of oxygen [3-4]. The advantages of 
the EDLCs include a high power density and a long cycle life compared with the LIBs 
and originate from the storage of charge on the electrodes by adsorption reactions at the 
interphase of both electrodes [5-6]. However, EDLCs has a small energy density due to 
a small capacity and a low average working voltage [7-8]. Therefore, many research 
efforts have aimed to improve the energy density of EDLCs. One of the methods used to 
increase energy density is the hybrid supercapacitor composed of an asymmetrical 
system in which an electrode of a lithium secondary battery replaces one of the 
activated carbon electrodes [9-10]. In a hybrid supercapacitor, the positive electrode 
stores charge through a reversible non-faradaic reaction of anions on the surface of an 
activated carbon material. The negative electode uses a reversible faradaic reaction of 
lithium ion intercalation/deintercalation in a metal oxide compound. It results in a 
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significant increase of the overall energy density due to the increase of the working 
voltage and the high energy density of the negative electrode. Among some metal oxide 
materials tested, Nb2O5[11-13], MoO3[14-15], and anatase-type TiO2[16-19] materials 
have been reported to have potential applications as anode materials in a lithium 
secondary battery. Recently, Yoshio et al. has reported a new type of megalo-
capacitance capacitor which is considered as a strong candidate for improving the 
energy density of EDLCs [20-23]. Graphitic carbon was used to replace active carbon as 
a cathode material. The charge storage mechanism at the positive graphite material is 
principally concerned with specific anion adsorption and the intercalation of anions into 
the graphite positive electrode, which can suppress the intercalation of anions by using 
specific graphite electrode having a lower crystalline and turbostratic disorder in 
graphitic carbon. This capacitor also has high energy density compared with 
conventional EDLCs because of its high operating voltage and capacity.  
     In this chapter, I discuss the development a novel energy storage system with a 
high energy density which composed of a graphite cathode and a metal oxide anodes. 
Then I present our results from investigations into the electrochemical characterization 
of this novel energy storage system by means of galvanostatic charge/discharge testing 
and the exploring the intercalation mechanism for both electrodes by in-situ XRD 
measurement. 
 
2.2. Experimental 
The artificial graphite KS-6 (Timcal. Co. Ltd., Switzerland) was used for cathode 
material and commercial Nb2O5 (Wako Co. Ltd., Japan), MoO3(Wako Co. Ltd., Japan) 
and anatase TiO2(Ishihara Sangyo, Japan) were used as anode materials for novel 
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energy storage systems. Powder X-ray diffraction (XRD, MINIFlex Ⅱ, Rigaku, Japan) 
using CuKα radiation was employed to identify the crystalline phase of materials. The 
measurement range was 20-80o and the step size was 0.02o.  
The electrochemical characterizations were performed using a CR2032 coin-type 
cell. The CR2032 cell used in this study is diagrammed in Fig. 2.1. To investigate the 
electrochemical properties of the KS-6 graphite cathode and metal oxide anode 
materials, the half cell was fabricated with 10 mg of accurately weighed active material 
and 6 mg of conductive binder TAB (Teflonized acetylene black). It was pressed onto 
200 mm2 stainless steel mesh used as the current collector under a pressure of 300 
kgcm-2 and dried at 160 oC for 4 h in an oven. The test cell was made of electrodes and a 
lithium metal anode (Cyprus Foote Mineral Co.) separated by two glass fiber filters in 
dry box. The electrolyte was a mixture of 1M LiPF6-ethylene carbonate (EC)/dimethyl 
carbonate (DMC) (1:2 by vol., Ube Chemicals, Japan). The charge and discharge 
current density was 100 mAg-1 with a cut-off voltage from 3.0 to desired voltages as 
cathode and 1.0 to 3.0 V as anode materials.   
 
 
 
 
 
 
 
Fig. 2.1. Schematic diagram of a coin-type CR2032 cell. 
 
Cathode Glass fiber filter 
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For the novel energy storage system, the cathode and anode were each fabricated 
with a variety of weight ratio of cathode to anode of from 1:1 to 5:1. The charge-
discharge current density was 100 mAg-1 with various cut-off voltages of 1.5 ~ 3.5 V at 
25 oC.  
The intercalation of anions and structural changes in positive and negative 
electrodes during charge-discharge cycling was investigated by In-situ and Ex-situ XRD. 
In-situ XRD analyses were conducted using a homemade cell which was described in 
Fig 2.2. It was assembled in an argon-filled glove box to prevent any reaction with 
moisture in the air and consisted of two electrodes separated by glass fiber filters soaked 
with electrolyte. The electrodes for in-situ XRD were prepared by mixing 80 wt.% 
active material, 10 wt% acetylene black and 10 wt% poly(vinylidene-fluoride-co-
hexafluoropropylene)(PVdF-HFP) binder dissolved in N-methyl-2- pyrrolidone (NMP) 
solution. 
For Ex-situ XRD experiment, cells were charge and discharged at a rate of 100 
mAg-1 to desired voltage points. And then, the cell was disassembling and rinsing the 
electrodes with dimethylcarbonate (DMC) in an argon-filled glove box. 
Cyclic voltammetry study was conducted using a three-electrode cell where 
lithium foil was used as both the counter and reference electrodes. The working 
electrode consisted of 2.0 mg of the active material and 1.2 mg of conducting binder 
(TAB), which was pressed onto a stainless steel mesh. CV measurements were 
performed using a HSV-100 (Hokuto Denko Ltd., Japan). CV experiments were carried 
out at a scan speed of 1 mVmin-1 between 2.0 and 5.0 V vs. Li/Li+ at room temperature 
(25ºC). 
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Fig. 2.2 Schematic view of in situ XRD cell. 
 
To trace the positive and negative electrode potentials independently, four-electrode 
cells were also constructed as shown in Fig. 2.3. Graphite positive electrode, metal 
oxide negative electrodes and the reference electrode as Li metal were dipped into the 
electrolyte contained in a glass beaker. During the process of galvanostatic charge–
discharge between the positive and negative electrodes, the potentials of either positive 
or negative electrodes with respect to the reference electrode were measured by an 
auxiliary potentiometer. Generally, the electrode potentials in the lithium electrolyte 
were reported against Li metal. The total voltage of the capacitor actually equals to the 
difference between the potentials of positive and negative electrodes. 
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Fig. 2.3 Schematic diagram of four electrode system. 
 
 
2.3. Results and Discussion 
2.3.1 The characterization of KS-6 graphite as cathode material  
Fig 2.4 shows the XRD results of KS-6 graphite powder. In this study, we used Si 
powder as a standard material in order to correct the (002) peak of graphite. KS-6 
graphite exhibited a (002) peak at 2θ = 26.46o which agrees well with value of the 
interlayer distance, d(002), of 3.36 Å. The KS-6 graphite belongs to graphite by Franklin’s 
definition because d(002), is less than 3.440 Å[23], but the intensity of (002) peak is not 
as high as natural graphite. 
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Fig. 2.4 The XRD pattern of KS-6 graphite. 
 
The KS-6 has about 6 μm average particle size and 18 m2g-1 of specific surface area. 
The electrochemical properties of KS-6 as anode material in lithium secondary battery 
has been studied previously [24-25]. And smaller figure in Fig 2.4 shows XRD patterns 
of KS-6 graphite in the range of 2θ = 40 ~ 50o. The KS-6 graphite has lower peak 
intensities of rhombohedral (101) and (102) lines than those of hexagonal (100) and 
(101) lines. From the XRD results, the KS-6 graphite has the contents of 24% for 
rhombohedral phase in graphite. 
Fig. 2.5 shows the charge-discharge curves of the KS-6/1M LiPF6-EC/DMC/Li 
cells. The test conditions were a current density of 100 mAg-1 with a cut-off voltage 
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between 3.0 and from desired voltages (5.1 ~ 5.5 V). When the graphite used as cathode 
material, it operated as accepter intercalation compounds in which the anion can be 
intercalated and deinterclated in graphene layers. The accepter type of graphite 
intercalation compounds has been reported for many cations by many research groups 
[26-29]. However, the accepter type of GICs don’t clear about the electrochemical 
properties because the electrolyte has oxidized with cathode material at higher voltage 
region above 5.0 V. The charge-discharge curves of all voltage regions, except to 5.5 V 
(Fig. 5(d)) of upper voltage, show a voltage profile like to bent line. When the voltage 
limited up to 5.4 V (Fig. 5(a) ~ 5(c)), it does well work at the voltage regions. In 
charging process, the voltage increased rapidly up to 4.65 V and then the speed of 
voltage slow down. Thus the capacity started to increase at this point. The graphite 
electrode has voltage plateaus of increasing lines which shows the voltage region of 
4.65 ~ 4.8 V, 4.85 ~ 5.1 V, and 5.1 ~ 5.25 V owing to the stage change according to the 
intercalation of PF6 anion into graphite. The voltage plateaus for 2nd cycle show higher 
voltage than theirs for 1st cycle due to the electrolyte decomposition and formation of 
SEI film at 1st charge process. On the other hand, the KS-6 graphite shows the 
exfoliation operating above 5.4 V because of the co-intercalation of solvent during 1st 
charge process. In discharge process, it also showed voltage plateau likely to slope and 
flat lines. The flat line show at the voltage of about 5.15 V and the slope line show the 
voltage region from 5.1 to 3.9 V. The initial discharge capacities of KS-6 are 50, 86.5, 
99.2, and 96 mAhg-1 at the voltage region of 3.0 ~ 5.1 V, 3.0 ~ 5.3 V, 3.0 ~ 5.4 V, and 
3.0 ~ 5.5 V, respectively.  
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Fig. 2.5 The charge-discharge curves of KS-6 graphite/Li cells at current of 100 mAg-1 
with voltage region at (a) 3.0 ~ 5.1 V, (b) 3.0 ~ 5.3 V, (c) 3.0 ~ 5.4 V, (d) 3.0 ~ 
5.5 V. 
 
Fig. 2.6 shows the relation of specific discharge capacity and cycle efficiency with 
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the cycle number of KS-6 graphite/Li cells at voltage regions : (a) 3.0 ~ 5.1 V, (b) 3.0 ~ 
5.3 V, (c) 3.0 ~ 5.4 V, (d) 3.0 ~ 5.5 V. As increased the limited voltages in cell operating 
voltage, the initial discharge and irreversible capacities increased. The increasing the 
capacities and irreversible capacities are due to increasing the amount of intercalated 
anion and the electrolyte decomposition on the surface of graphite operating at higher 
voltages. It has shown the lower coulombic efficiency because the size of PF6 anion is 
big, so that the PF6 anion is more difficult to intercalate and deintercalate into graphene 
layers than lithium ion. The cycle efficiencies of KS-6 graphite are 90, 92, and 98% 
after 30 cycles with voltage region of 3.0 ~ 5.1 V, 3.0 ~ 5.3 V, and 3.0 ~ 5.4 V, 
respectively. During the charge-discharge processes, it can be expected that anions may 
intercalate and deintercalate between the interlayer spaces of the graphite layers such 
that the graphite electrode suffers large volume expansion. This may be a major factor 
in destroying the graphite’s structure, which in turrn causes decreased cycleability in the 
energy storage system [26-27]. Since some PF6 anions still remained in the interlayer 
spaces of the graphite after discharge to 3.0 V, the volume changes in the crystal lattice 
of graphite is negligible. Thus, the cell cycle efficiency has the best performance in 
terms of the capacity and cycle retention rate in the voltage region between 3.0 and 5.4 
V, avoiding significant damage to the crystal lattice of the graphite due to the drastic 
volume change. When the voltage reached to 5.4 V, PF6 anions intercalated deeply into 
graphene layers than other voltage regions. The coulombic efficiency with voltage up to 
5.4 V is lower than other cells charged at other voltages. The lower columbic efficiency 
means the intercalated PF6 anions don’t deintercalated and remain in the graphene 
layers during discharge. It is evidence of this phenomenon why the cell with charged up 
to higher voltage such as 5.4 V showed best performance in terms of the capacity and 
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cycle retention rate. In the case of cell with voltage region between 3.0 and 5.5 V, the 
exfoliation of graphite occurred during 1st charge process. On the basis of these results, 
it is concluded that the graphite is possible to operate up to 5.4 V in which although the 
Fig. 2.6 The specific discharge capacity and cycle efficiency with the cycle number of 
KS-6 graphite/Li cells at voltage region : (a) 3.0 ~ 5.1 V, (b) 3.0 ~ 5.3 V, (c) 3.0 
~ 5.4 V, (d) 3.0 ~ 5.5 V. 
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electrolyte decomposition and the irreversible capacity are bigger than the cell with 
other voltage region, it does well work in region of voltage.  
 
2.3.2 The characterization of Metal Oxides as anode materials   
In this experimental, I used metal oxides such as Nb2O5, MoO3, and TiO2 as anode 
materials. The XRD results of metal oxide have shown in the Fig. 2.7. Nb2O5 and MoO3 
materials have an orthorhombic structure with a lattice parameters of a = 6.05 Å, b = 
29.04 Å, and c = 3.86 Å (JCPDS card #27-1003) and with a= 3.96 Å, b= 13.835 Å, and 
c= 3.697 Å (JCPDS card #05-0508). However, anatase type-TiO2 material has a 
tetragonal structure with a lattice parameter of a a= 3.785Å, and c= 9.5139Å (JCPDS 
card #21-1272). The characterization of metal oxides was summarized in Table 1.  
 
Table 1 The characterization of Metal oxides 
 
 
 Nb2O5 MoO3 TiO2 
Structure Orthorhombic Orthorhombic Tetragonal 
Lattic 
Parameter 
a= 6.05 Å, 
b= 29.04 Å 
c= 3.86 Å 
a= 3.96 Å, 
b= 13.835 Å 
c= 3.697 Å 
a= 3.785Å, 
c= 9.5139Å 
JCPDS 
Card Number 27-1003 05-0508 21-1272 
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Fig. 2.7 The XRD results of metal oxide: (a) Nb2O5, (b) MoO3, and (c) TiO2(A). 
 
Fig. 2.8 shows the charge/discharge curves of the Li/1M LiPF6-EC/DEC/Metal 
oxides cell: (a) Nb2O5, (b) MoO3, and (c) TiO2. The test conditions were a current 
density of 100 mAg-1 with a cut-off voltage between 3.0 and 1.0 V. In the case of Nb2O5 
material, the voltage rapidly decreased to 2.0 V and then slowly decreased to 1.0 V 
during charge process. The cell exhibited a long voltage plateau between 1.9 and 1.0 V 
and showed a 186 mAhg-1 of high initial discharge capacity. The 2nd charge capacity 
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decreased about 20 mAhg-1 compared with the first discharge capacity due to the 
electrolyte decomposition during the first charge/discharge cycle. 
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Fig. 2.8 The typical charge-discharge curves of metal oxides/Li cells; (a) Nb2O5, (b) 
MoO3, and (c) TiO2(A). 
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MoO3 has voltage plateaus of 2.7 V and 2.4 V at the first charge process but the 
voltage is slowly decreased between 2.7 and 2.0 V at second cycle. The possibility of 
structural change is anticipated to the charge-discharge curves. It shows the charge 
capacities of 231 and 175 mAhg-1 at 1st and 2nd charge process. The voltage plateau of 
TiO2 in charge process shows at the 1.75 V and initial charge capacity of 207 mAhg-1. 
The 2nd charge, capacity decreased about 20 mAhg-1 compared with the first discharge 
capacity. These materials, especially Nb2O5 and TiO2 materials, showed a low working 
voltage plateau between 2.0 and 1.0 V (vs. Li/Li+) and 1.75 V (vs. Li/Li+) for the 
charge/discharge processes. This plateau has a lower working voltage range than the 
activated carbon (AC) anode in AC/graphite capacitors. Materials such as Nb2O5 and 
TiO2 were utilized as anode material in the megalo-capacitance capacitor system instead 
of AC, the total cell voltage of Metal oxides/graphite was higher than that of an 
AC/graphite capacitor. I also expect that it can improve the cell safety, due to the 
absence of lithium deposition on the metal oxide electrode. 
 
2.3.3 The electrochemical properties of KS-6/Metal Oxides energy storage system   
Fig. 2.9 shows the variation in specific discharge capacity with the number of 
cycles for the KS-6/1M LiPF6-EC/DMC (vol. 1:2)/Metal oxide energy storage system in 
a weight ratio of 1:1. The test condition was a current of 100 mAg-1 at cut-off voltage 
from 1.5 to 3.5 V. In the all systems, the voltage versus capacity curves shows a bent 
line with two linear regions. Initially, during charging the cell showed a sudden cell 
voltage increase up to 2.6 V (KS-6/Nb2O5), 2.0 V (KS-6/MoO3), and 2.8 V (KS-6 /TiO2), 
respectively, but the capacities at this step was small as the amount of the anion 
adsorption to edge plane regions of the graphite was not large. However, during PF6 
62
63 
 
anion intercalation the voltage of these systems then increased slowly until 3.5 V 
producing weak, but remarkable, increases in capacity. This indicate that anion 
intercalation occur between graphite layers at this stage. The average working voltage 
for this system was about 3.1 V (KS-6/Nb2O5), 2.75 V (KS-6/MoO3), and 3.2 V (KS-6 
/TiO2), which were higher than that of the megalo-capacitance capacitor (about 2.75 V). 
On the other hand, during discharge, the voltage curves of KS-6/Nb2O5 and KS-6/TiO2 
decreased slowly to 2.0 V, increasing the capacities of KS-6/Nb2O5 and KS-6/TiO2 
energy storage system at this region and then abruptly decreased to the limited voltages.  
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Fig. 2.9 The initial charge/discharge curves for the KS-6/1M LiPF6-EC/DMC(1:2)/ 
Metal oxides with an electrode mass ratio of 1:1 . The test condition was a 
current density of 100 mAg-1 at various cut-off voltages between 3.5 and 1.5 V. 
 
On the other hand, KS-6/MoO3 cell shows that the voltage decreases abruptly until 2.8 
V and then the speed of decreasing voltage was slow down up to end of discharge. The 
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initial discharge capacities of KS-6/Nb2O5, KS-6/MoO3, and KS-6/TiO2 were 60, 77 and 
90 mAhg-1, respectively. The KS-6/Nb2O5, KS-6/MoO3, and KS-6/TiO2 cells with 
voltage region from 1.5 to 3.5 V have an advantage in the terms of energy density which 
resulted from high average working voltages and higher capacities compared to that of 
megalo capacitance capacitor. 
Fig. 2.10 shows the variations in specific discharge capacities with the number of 
cycles for the KS-6/Metal oxides energy storage systems. The KS-6/Nb2O5 system 
showed the initial discharge capacity of 60 mAhg-1 in the first cycle and still remains 
capacity of 48 mAhg-1 after 50 cycles. The capacity retention rate of KS-6/Nb2O5 
system was 80%. The KS-6/MoO3 system showed initial discharge capacity of 77 
mAhg-1 in the first cycle and showed capacity retention rate of 95% after 50 cycles. In 
the case of KS-6/TiO2 system, discharge capacity reduces up to 10 cycles and retains the 
capacity. The capacity retention rate from 10 to 50 cycles was 93 %. During the 
charge/discharge processes, it can be expected that anions may intercalate and 
deintercalate between interlayer spaces of the graphite layers so that the graphite 
electrode suffers large volume changes. This may be a major factor in destroying the 
graphite’s structure, which in turn causes decreased cycleability in the energy storage 
system.  
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Fig. 2.10 Specific discharge capacity vs. cycle number for the KS-6/1M LiPF6-EC/DMC 
(1:2)/ Metal Oxides with mass ratio of 1:1. The test condition was a current 
density of 100 mAg-1 at various cut-off voltages between 3.5 and 1.5 V. 
 
In-situ XRD experiments were conducted to investigate the reaction mechanisms 
and structural changes occurring at the cathode and anode materials. Fig. 2.11 shows in-
situ XRD results of KS-6 electrode in the KS-6/Nb2O5, KS-6/MoO3, KS-6/TiO2 energy 
storage systems at various voltage regions. In the case of KS-6/Nb2O5 system, The 
(002) peak of graphite at 26.5° corresponding to 3.35 Å value for d(002) indicated a well-
ordered graphitic structure. The (002) peak started to shift to a lower angle at 2.9 V and 
then the peak split into two peaks of 24.3o and 25.3° in the 3.5 V region. When the cell 
voltage reached 3.5 V, the (002) peak in the in-situ XRD disappeared. This 
disappearance of the (002) peak of KS-6 during the charging process indicated that PF6 
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anions had started to insert and accumulate within the interlayer spaces of the KS-6 
electrode. We can found two unique peaks of 24.3o and 25.3° in the in-situ XRD 
diffractions when the cell was charged to 3.5 V. On the basis of the Bragg equation, we 
can calculate the “d” value as 3.73 and 3.58 Å for these two peaks. The relation between 
the stage number of m and peak positions of (00n) and (00n+1) is calculated as follows 
by P. W. Ruch [27]  
m ＝（d00(n+1)）/（d00n ― d00(n+1)） 
From the method introduced, I have calculated the stage number of PF6−-graphite 
intercalation compound to be 3 and 5. The corresponding gallery height of PF6 anions 
intercalated layer is near 4.44 Å, as compared with the value of 4.6 Å in a previous 
study [27]. The (002) peak of KS-6 in KS-6/MoO3 cells started to shift to a lower angle 
at 2.0 V and then the peak shows at 24.5o which is corresponding to the value of d = 
3.63 Å in the 3.5 V region. When the cell voltage reached 3.5 V, the stage number of 
PF6- -graphite intercalation compound is 3. The (002) peak of KS-6 in KS-6/TiO2 cells 
started to shift to a lower angle at 2.9 V and then the peak shows at 23o which is 
corresponding to the value of d = 3.87 Å in the 3.5 V region. When the cell voltage 
reached 3.5 V, the stage number of PF6−-graphite intercalation compound is 2.  
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Fig. 2.11 shows the in-situ XRD patterns of metal oxides in the KS-6/metal oxide 
energy storage systems. In the charging process, the original peaks of Nb2O5 and TiO2 
persisted and showed no peak changes because the capacity of metal oxide anode were 
small compared with KS-6 cathode during charging in this novel energy storage system. 
However, the MoO3 start to change the peak at the 2.0 V and the original peaks 
disappeared at end of charge state. It can be assumed that the use of capacity for MoO3 
is larger than other system resulted in the structural change from orthorombic to 
amorphous. From the in-situ XRD results, we suggested a new mechanism of this novel 
energy storage system when the weight ratio of cathode to anode equals to 1:1. The first 
part of the mechanism occurred in the voltage region of 1.5 ~ 2.8 V, 1.5 ~ 2.0 V, and 1.5 
~ 2.9 V for KS-6/Nb2O5, KS-6/MoO3, and KS-6/TiO2 systems in the charging process 
and involved the adsorption process of PF6 anions to the edge-plane surfaces of graphite. 
The second part of the mechanism occurred at greater than 2.8 V (KS-6/Nb2O5), 2.0 V 
(KS-6/MoO3) and 2.9 V (KS-6/TiO2) involved the PF6 anion intercalation into the 
graphite electrode.  
68
  
10
20
30
40
50
60
20
30
40
50
60
20
30
40
50
60
2.
7 
V
2.
8 
V
3.
5 
V
3.
4 
V
3.
3 
V
3.
2 
V
3.
1 
V
3.
0 
V
2.
9 
V
2.
0 
V
2.
3 
V
2.
5 
V
O
C
V
 
 
 
2θ
 / 
d
eg
re
e
Intensity / arb.unit
3.
5V
3.
3V
3.
1V
2.
9V
2.
7V
2.
5V
2.
3V
2.
1V
1.
9V
1.
7V
O
C
V
2θ
 /d
eg
re
e
 
3.
5V
3.
4V
3.
3V
3.
2V
3.
1V
2.
9V
2.
7V
2.
6V
2.
5V
2.
4V
2.
3V
2.
2V
2.
1V
2.
0V
1.
9V
1.
7V
O
C
V
2θ
 / 
d
eg
re
e
 
Fi
g.
 2
.1
2 
In
-s
itu
 X
R
D
 p
at
te
rn
s o
f t
he
 m
et
al
 o
xi
de
s s
uc
h 
as
 (a
) N
b 2
O
5, 
(b
) M
oO
3, 
an
d 
(c
) T
iO
2 w
ith
 K
S-
6 
el
ec
tro
de
 d
ur
in
g 
th
e 
fir
st
  
  
 
ch
ar
gi
ng
 p
ro
ce
ss
 o
f K
S-
6/
M
et
al
 o
xi
de
 e
ne
rg
y 
st
or
ag
e 
sy
st
em
s w
ith
 a
 w
ei
gh
t r
at
io
 o
f 1
:1
 fo
r K
S-
6 
to
 m
et
al
 o
xi
de
s.
69
70 
 
Fig. 2.13 exhibits the rate capabilities of KS-6/1M LiPF6-EC/DEC (1:2)/ Metal 
Oxides with mass ratio of 1:1: (a) KS-6/Nb2O5, (b) KS-6/MoO3, and (c) KS-6/TiO2 
systems. As increasing the rate in the cell, the specific capacities decreased Nb2O5/KS-6 
system showed discharge capacity of 26 mAhg-1 at 35C and KS-6/MoO3 cell show 20 
mAhg-1 at 50 C. In the case of KS-6/TiO2, it shows high capacity of 49 mAhg-1 at 20C. 
Fig. 2.13 The rate capabilities of Metal Oxides/1M LiPF6-EC/DEC (1:2)/ KS6 with 
mass ratio of 1:1. (a) KS-6/ Nb2O5, KS-6/MoO3, and KS-6/TiO2 systems. 
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Fig. 2.14 exhibits a schematic diagram of this novel energy storage system. When 
the cell was charged, the ions in the LiPF6 electrolyte solution migrated to their 
respective electrodes. The PF6 anions intercalated into the interlayer spaces of the 
graphite cathode, while the lithium ions intercalated into the structure of metal oxide 
electrodes. Conversely, when the cell discharged, the lithium ions and PF6 anions were 
extracted from their respective electrode structures and reconstituted the original LiPF6 
solution. This type of cell does not fall into any of the existing categories of capacitors 
or rechargeable batteries. I believe that the mechanism of this cell is one of a novel 
energy storage system and that this system has some merits in terms of safety and high 
energy density compared with the Li-ion battery and EDLC, respectively. In this system, 
the safety of an energy storage system can be remarkably improved by the replacement 
of graphite with metal oxides for the anodes. 
In general, the lithium ions intercalated into a carbon anode can induce a reaction 
with the electrolyte, resulting in the decomposition of the cathode material and the 
release of free oxygen. Furthermore, cell shorting can easily occur due to lithium 
deposition on the surfaces of the carbon. However, in this novel energy storage system 
insertion of lithium ions from the electrolyte into the metal oxides structure can be 
suppressed because metal oxides have lower conductivity than graphite and metal 
oxides also has a higher intercalation voltage with no lithium deposition. I also suggest 
that this new energy storage system can be improved by optimizing the test conditions.  
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2.3.4 Effect of weight ratio in KS-6/metal oxide systems 
In a previous study [30], Yoshio et al. reported that the cathode to anode weight 
ratio was an important factor in improving megalo-capacitance capacitors in terms of 
high capacity and cycleability. The mechanism of megalo-capacitance capacitor is the 
adsorption and desorption of the edged plane surface of the graphite in KS-6 cathode 
material when the weight ratio of cathode to anode equals 1:1. I suggest that the 
controlled weight ratio of cathode to anode in the KS-6/metal oxides energy storage 
system will improve capacity and cycleability. In addition, we expected that the 
cycleability of KS-6/Metal oxides is not good because of cathode material which is 
highly oxidized at the cell voltage of 3.5 V. It results in the electrolyte decomposition 
and the phenomenon of the interacalation and deintercalation in graphene layers. We 
expected that the reducing an oxidized voltage at the side of graphite cathode is a 
propositional method to improve the cycle performance in the KS-6/metal oxide energy 
storage systems.  
Fig. 2.15 shows the cyclic voltammograms of KS-6 graphite with counter 
electrodes as (a) Nb2O5, (b) MoO3, and (c) TiO2. The used reference electrode is lithium 
foil. The test condition was a scan rate of 1 mVs-1 with voltage region between 2.0 and 
5.0 V. During first oxidation, the current of all graphites increased at 4.65 V indicated 
the decomposition of electrolyte and the formation of SEI film and showed broad peak 
at between 4.8 and 4.95 V and reduction peaks of about 4.8 and 4.1 V. However, in the 
2nd scan, the oxidation peak was clearly separated to 4.8 and 4.95 V and the current 
also decreased. It indicated the electrolyte decomposition and formation of solid 
electrolyte interface (SEI) film in the side of KS-6 graphite during only 1st cycle. The 
reductive peaks of all graphite don’t change as increasing cycle number, although their 
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currents reduced a little. As a result of CV, I think that the intercalation into graphite has 
started to occur at voltage of 4.6 V and the changed stage of PF6--GIC compounds at 4.8 
V.  
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Fig 2.15 The cyclic voltammograms of KS-6 graphite with counter electrodes as (a) 
Nb2O5, (b) MoO3, and (c) TiO2. The used reference electrode is lithium foil. 
The test condition was a scan rate of 1 mVs-1 with voltage region between 2.0 
and 5.0 V. 
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We need to investigate the potential of positive and negative electrodes during the 
charge-discharge process. The weight ratio of cathode to anode is increasing from 1 to 5 
to adjust the potential of cathode and anode. Fig 2.15 shows the potential profiles of 
KS-6/Metal oxide systems with 1:1 for weight ratio of cathode to anode: (a) KS-
6/Nb2O5, MoO3/KS-6, and KS-6/TiO2 systems. In the KS-6/Nb2O5 system, the ceiling 
voltage of graphite increased at 5.16 V and the bottom voltage of Nb2O5 decreased at 
1.72 V during charging process. In KS-6/MoO3 system have a high ceiling voltage of 
5.55 V and bottom voltage of 2.05 V. The ceiling voltage of cathode in KS-6/MoO3 
system is too high which is resulted in high electrolyte decomposition during 1st charge 
process. At the same condition, the KS-6/TiO2 system showed ceiling voltage of 5.25 V 
and bottom voltage of 1.75 V. At the first charge, the voltages of graphite in all systems 
are so high to induce the electrolyte decomposition so that caused irreversible capacities. 
We assumed that decreasing the voltage caused better cycleability and cycle 
performance.  
The ceiling voltage and bottom voltage of KS-6/metal oxide systems with 
increasing from 1:1 to 5:1 for weight ratio of cathode to anode has shown in Fig. 2.16 
and Fig. 2.17. The ceiling voltages of positive electrode are decreased from 5.16 to 4.78 
V by increasing the weight ratio in KS-6/Nb2O5 system. The bottom voltages of Nb2O5 
anodes are also decreased from 1.72 to 1.25 V by increasing the weight ratio. In the case 
of KS-6/MoO3 system, the ceiling voltages of KS-6 decrease from 5.55 to 4.81 V and 
the bottom voltages of MoO3 anodes also decrease from 2.05 to 1.31 V. The upper 
voltage of KS-6 in KS-6/TiO2 system decreased from 5.25 to 4.75 V and at the same 
time, the bottom voltages of systems decreased from 1.75 to 1.25 V. Based on the these 
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results, we can conclude that increasing the weight ratio of KS-6/Metal oxide caused the 
decrease with voltage of graphite and metal oxides and expected the cycle performances 
of these systems are possible to improve if the weight ratio of cathode to anode is proper.  
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Fig. 2.16 The potential profiles of KS-6/Metal oxide systems with 1:1 for weight ratio 
of cathode to anode: (a) KS-6/Nb2O5, (b) KS-6/MoO3, and (c) KS-6/TiO2 
systems. 
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Fig. 2.17 The relationship between weight ratio and voltage of positive (upper) and 
negative (lower) electrodes (vs. Li+/Li) in KS-6/metal oxide systems.  
 
Fig. 2.18 show the initial charge/discharge curves for the KS-6/1M LiPF6-
EC/DMC(1:2)/Metal oxides with an electrode mass ratio from 1:1 to 5:1. The test 
condition was a current density of 100 mAg-1 at various cut-off voltages between 3.5 
and 1.5 V. We calculated the capacity based on the weight of KS-6 graphite. In all 
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systems, the irreversible capacities decreased by increasing the weight ratio from 1:1 to 
5:1 because the ceiling voltages of KS-6 graphite is decreased that high potential 
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Fig. 2.18. The initial charge/discharge curves for the KS-6/1M LiPF6-EC/DEC(1:2)/ 
Metal oxides with an electrode mass ratio from 1:1 to 5:1 : (a) KS-6/ Nb2O5, 
(b) KS-6/MoO3, and (c) KS-6/TiO2 systems. The test condition was a 
current density of 100 mAg-1 at various cut-off voltages between 3.5 and 
1.5 V.  
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of KS-6 graphite caused the high electrolyte decomposition. As increased the weight 
ratio, in the all cells, the cell voltage shape in charge-curves have higher voltages but 
discharge curves exhibit the lower voltages in voltage shapes. It is likely to due to the 
voltages of KS-6 graphite and metal oxides. For example, in the case of weight ratio of 
1:1 in KS-6/TiO2 system, the voltage of metal oxide anode showed at 1.75 V during 
charging but, the voltage of TiO2 decreased at 1.25 V by increasing weight ration 1:5. 
The voltage plateau of TiO2 shows at 1.95 V during discharging. The difference of 
voltage plateaus between charge and discharge process get bigger as increased the 
weight ration of 1:1 to 5:1, so that the cell voltage decreased. The initial charge-
discharge curves of KS-6/Nb2O5 system have bent lines with weight ratio from 1:1 to 
5:1. The starting point of bent in charge voltages have increased as increasing the 
weight ratio. In the all weight ratios, the KS-6/Nb2O5 systems exhibit the same voltage 
profile although the weight ratio increased from 1:1 to 5:1, because the voltage shape of 
Nb2O5 was straight at desired voltage regions during charge-discharge process. The 
initial charge-discharge capacities decreased from 60 to 22 mAhg-1 with increasing the 
weight ratio of cathode to anode from 1 to 5. The KS-6/MoO3 systems show change 
from linear shape to the S-shapes in charge-discharge curves as increasing weight ratio. 
The initial discharge capacities with weight ratio of 1:1, 2:1, 3:1, 4:1, and 5:1 are 81, 65, 
37, 19, 16 mAhg-1, respectively. The KS-6/TiO2 systems showed similar properties 
compared with KS-6/MoO3 systems. They show bent lines as weight ratio is 1, but they 
have changed s-shape line above weight ratio of 2. When weight is 1:1 the voltage of 
anode is 1.75 V but the voltage of anode is decreased to below 1.75. As increased the 
weight ratio, the voltage of anode decreased the lower voltage, and the average voltage 
of system decreased. The initial discharge capacity is also decreased from 90 to 23 
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mAhg-1 with the weight ratio increasing from 1 to 5.  
Fig. 2.19 shows cycle performances of KS-6/Metal Oxide systems with different 
weight ratio. In KS-6/Nb2O5, the initial charge-discharge capacities decreased with 
increasing the weight ratio. As increased the weight ratio, the cycleabilities of KS-6 
/Nb2O5 system showed the same tendency from 2 to 4 which exhibited better cycle 
performance than the cell with weight ratio of 1:1. However, the cycleabilities of KS-6/ 
MoO3 systems show a similar tendency to all systems. It is expected that the MoO3 is 
suffered to severe structure change which could induce to get worse of cycle 
performance despite of increasing the weight ratio of KS-6 to MoO3. The KS-6/TiO2 
systems also showed different properties with increasing the weight ratio. The discharge 
capacity of cell with weight ratio of 1:1 decreased to 10 cycles and then the cycle is 
stable from 10 to 50 cycles. However, when the weight ratio of cathode to anode is 
above 2:1 in KS-6/TiO2 systems, the cycle performance of cells increased up to 5 cycles 
and then showed a small capacity decrease until 50 cycles. Based on the cycle data, I 
think that the proper weight ratios in KS-6/Nb2O5 and KS-6/TiO2 are 3 and 2, 
respectively. What are the reasons for the poor cycleability although the voltages of 
graphite decrease from above 5 V to about 4.8 V. I assume that another reaction in the 
KS-6/metal oxide systems occur during charge-discharge process.  
Fig. 2.20 shows the Ex-situ XRD results of the Ex-situ XRD results of for KS-6 
electrode with mass ratio from 1:1 to 5:1 : (a) KS-6/Nb2O5, (b) KS-6/MoO3, and (c) KS-
6/TiO2 systems. In the all systems, the peak shift shows in all weight ratios which 
indicated the PF6 anions intercalation into graphene layers. As increased the weight ratio 
of cathode to anode, the peak shifts higher angle. The ex-situ XRD results agree with 
the results of potential profile. I think that the effect of graphite site in graphite/metal 
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oxides system is relatively low compared with anode electrode.  
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Fig 2.19 Specific discharge capacity vs. cycle number for the KS-6/1M LiPF6-EC/DMC 
(1:2)/ Metal Oxides with mass ratio from 1:1 to 5:1: : (a) KS-6/Nb2O5, (b) KS-
6/MoO3, and (c) KS-6/TiO2 systems. The test condition was a current density 
of 100 mAg-1 at various cut-off voltages between 3.5 and 1.5 V.
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The Ex-situ XRD results of for metal oxide electrodes with mass ratio from 1:1 to 
5:1. (a) KS-6/Nb2O5, (b) KS-6/MoO3, and (c) KS-6/TiO2 have been shown in Fig. 2.21. 
The ex-situ XRD results of Nb2O5 showed peak change above weight ratio of 3:1.  
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Fig 2.21 The Ex-situ XRD results of for metal oxide electrodes with mass ratio from 1:1 
to 5:1: (a) KS-6/Nb2O5, (b) KS-6/MoO3, and (c) KS-6/TiO2 systems. 
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However, MoO3 showed the change the amorphous in all weight ratios. TiO2 also 
showed peak change above weight ratio of 3:1. They suffered structural changes during 
lithium insertion into their host structure. We assumed that the structural change is one 
of the reasons to be poor cycleability in KS-6/metal oxide systems. 
 
2.3.5 The application of KS-6/metal oxide systems for capacitor by limiting the 
 cut-off voltage. 
From the CV data, I knew that the stage change in graphite due to the intercalation 
of PF6 anion into graphene layers occurred at 4.85 V. We suppose that if the voltage 
limited up to 4.85 V, the KS-6/metal oxides system can be used as capacitor. It is 
confirmed the megalo capacitance capacitor, which the ceiling voltage of graphite is 4.8 
V and the mechanism of this capacitor is only adsorption and desorption leading to the 
excellent cycle performance. The voltages of KS-6 cathode in KS-6/metal oxide 
systems can be calculated by previous potential profile study. When the voltage of KS-6 
increased to 4.85 V cycled with metal oxides, thus the cell voltage limited to 3.0, 2.2 
and 3.1 V for KS-6/Nb2O5, KS-6/MoO3 and KS-6/TiO2systems, respectively.  
Fig. 2.22 shows the charge-discharge curves of (a) KS-6/Nb2O5 (0 ~ 3.0 V), (b) 
KS-6/MoO3 (0 ~ 2.2 V), and (c) KS-6/TiO2 (0~ 3.1 V) asymmetric capacitors using 1M 
LiPF6-EC/DMC(1:2 by volume) with current density of 100 mAg-1. The weight ratio of 
KS-6/metal oxide was 1. In the all capacitors, the shapes of charge-discharge curves are 
bent lines, in which voltage increased rapidly and then the increasing rate is decreased 
slowly. The main capacity is also increasing at the second step. The average working 
voltage for this system was about 2.8 V(KS-6/Nb2O5), 2.0 V(KS-6/MoO3) and 2.9 
V(KS-6/TiO2), which were higher than that of electrolytic double layer capacitor(about 
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1.25 V). 
 
0 10 20 30 40 500.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0 10 20 30 40 50 60
0.0
0.5
1.0
1.5
2.0
2.5
0 10 20 30 40 50 60
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
(a)
 1st
 2nd 
 3rd
 
 
Vo
lta
ge 
/ V
(b)
 
 
Vo
lta
ge 
/ V
(c)
 
 
Vo
lta
ge 
/ V
Capacity / mAhg-1 (+)
 
Fig 2.22. The charge-discharge curves of (a) KS-6/Nb2O5 (0 ~ 3.0 V), (b) KS-6/MoO3 (0 
~ 2.2 V), and (c) KS-6/TiO2 (0~ 3.1 V)  asymmetric capacitors using 1M 
LiPF6-EC/DMC(1:2 by volume) with current density of 100 mAg-1.The 
weight ratio of KS-6/metal oxide was 1. 
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On the other hand, during discharge, the voltage curves of KS-6/Nb2O5, KS-
6/MoO3 and KS-6/TiO2 decreased slowly to 2.0, 1.25 and 2.2 V, respectively and then 
voltage abruptly decreased to the 0 V. They showed the irreversible capacities which 
may result from inducing the electrolyte decomposition and intercalation of PF6 anion 
into graphene layers during first cycle. However, they showed decrease in irreversible 
capacity after 2nd cycle. The initial discharge capacities of KS-6/Nb2O5, KS-6/MoO3, 
and KS-6/TiO2 were 28.5, 23.7 and 35.8 mAhg-1, respectively. The KS-6/Nb2O5, KS-
6/MoO3, and KS-6/TiO2 capacitors have an advantage in the terms of energy density 
which resulted from high average working voltages and have higher capacities 
compared to the EDLC. 
Fig. 2.23 shows the cycleability of of (a) KS-6/Nb2O5 (0 ~ 3.0 V), (b) KS-6/MoO3 
(0 ~ 2.2 V), and (c) KS-6/TiO2 (0~ 3.1 V)  asymmetric capacitors using 1M LiPF6-
EC/DMC(1:2 by volume) with current density of 100 mAg-1.The weight ratio of KS-
6/metal oxide was 1.They showed the initial discharge capacity of 28.5, 23.7 and 35.8 
mAhg-1 in the first cycle. After 250 cycles, it still retains the capacity of 26.3, 17.5 and 
29.4 mAhg-1. The cycle retention rate of metal oxides/KS-6 capacitors were 92.5, 74 
and 82 % after 250 cycles.  
To investigate the mechanism of KS-6/metal oxide capacitor, we measured the Ex-
situ XRD after 1st, 5th, 50th cycle. Fig 2.24 shows Ex-situ XRD results of KS-6 (upper) 
and Nb2O5 (bottom) after (a) 1st charged at 3.0 V, (b) 1st discharged at 0 V, (c) 5th 
charged at 3.0 V, (d) 5th discharged at 0 V, (e) 50th charged at 3.0 V, and (f) 50th 
discharged at 0 V. The KS-6 cathode in KS-6/ Nb2O5 capacitor showed a peak shift from 
26.46o of original (002) peak to 24.86o after 1st charge process. The shifted peak 
separated 25.11o and 26.46o at the end of 1st discharge process.  
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Fig 2.23 Specific discharge capacity vs. cycle number for (a) KS-6/Nb2O5 (0 ~ 3.0 V), 
(b) KS-6/MoO3 (0 ~ 2.2 V), and (c) KS-6/TiO2 (0~ 3.1 V)  asymmetric 
capacitors using 1M LiPF6-EC/DMC(1:2 by volume) with current density of 
100 mAg-1.The weight ratio of KS-6/metal oxide was 1. 
 
This phenomenon is caused by intercalation and deintercalation of PF6 anions in 
graphene layers. The same phenomenon shows at 5th, 50th cycle indicated intercalation 
and deintercalation of PF6 anions. The intercalated PF6 anions don’t fully deintercalate 
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from the graphene layers and small amount of PF6 anions remain in graphene layers 
after discharge process. 
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Fig 2.24 Ex-situ XRD results of KS6 (upper) and Nb2O5 (bottom) in KS-6/Nb2O5 
capacitor after (a) 1st charged at 3.0 V, (b) 1st discharged at 0 V, (c) 5th 
charged at 3.0 V, (d) 5th discharged at 0 V, (e) 50th charged at 3.0 V, and (f) 
50th discharged at 0 V.  
 
During the charge/discharge processes, it can be expected that anions may intercalate 
into and deintercalate between the interlayer spaces of the graphite layers such that the 
graphite electrode suffers large volume changes. This may be a major factor in 
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destroying the graphite’s structure, which in turn causes decreased cycleability in the 
energy storage system. Because some PF6 anions still remained in the interlayer spaces 
of the graphite after discharge process, the volume changes in the crystal lattice of 
graphite is negligible compared with fully deintercalated graphite. Thus, the cell has the 
better performance in terms of the capacity and cycle retention rate, avoiding significant 
damage of crystal lattice in graphite due to drastic volume change. The Nb2O5 
electrodes persist their original peaks shown in the pristine powder and showed no peak 
change during the charge-discharge process because the capacity of Nb2O5 anode was 
small compared with KS-6 cathode during charging in this capacitor. 
Fig 2.25 shows Ex-situ XRD results of KS-6 (upper) and MoO3 (bottom) in KS-6/ 
MoO3 capacitor after (a) 1st charged at 2.2 V, (b) 1st discharged at 0 V, (c) 5th charged 
at 2.2 V, (d) 5th discharged at 0 V, (e) 50th charged at 2.2 V, and (f) 50th discharged at 0 
V. The KS-6 cathode in KS-6/MoO3 capacitor show peak at 24.86o after 1st charge 
process and the peak recovers to 25.97o after 1st discharge process. However, after 5th 
charge process, the depth of intercalation of PF6 anion into graphene layers is not deep 
compared with 1st charge process. As proceeding cycles, the peak due to intercalation 
of PF6 anions into graphene layers exhibited a higher angle in XRD. After 1st charge 
process, the peak shows at 25.97o and separated into two peaks at 26.46o and 25.71o. 
The peak also shows at the higher angles of 26.46o and 25.71o, but the peak intensity of 
26.46o increased with cycling compared to that of 25.71o. In the case of KS-6 in KS-
6/MoO3 capacitor, the amount of intercalated PF6 anions decreased during charge 
process but the amount of deintercalated PF6 anions from graphene layers increased 
because the peak at end of discharge process is almost deintercalated from graphene 
layer. In the case of MoO3, the peaks of pristine powder persist only (110), (004), (021), 
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and (060) peaks but other peaks disappeared during cycling. This is due to the 
properties of MoO3 which shows high charge-discharge voltage plateaus above 2 V.  
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Fig 2.25 Ex-situ XRD results of KS6 (upper) and MoO3 (bottom) in KS-6/MoO3 
capacitor after (a) 1st charged at 2.2 V, (b) 1st discharged at 0 V, (c) 5th 
charged at 2.2 V, (d) 5th discharged at 0 V, (e) 50th charged at 2.2 V, and (f) 
50th discharged at 0 V.  
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Ex-situ XRD result of KS-6 (upper) and TiO2 (bottom) in KS-6/TiO2 capacitor 
after (a) 1st charged at 3.1 V, (b) 1st discharged at 0 V, (c) 5th charged at 3.1 V, (d) 5th 
discharged at 0 V, (e) 50th charged at 3.1 V, and (f) 50th discharged at 0 V has shown in 
Fig. 2.26. The KS-6 showed a peak shift that the peaks located at 25.19o and 26.46o due 
to intercalation of PF6 anion during 1st charge process and the peak of KS-6 shows 
25.95o after 1st discharge process. As increased cycle numbers until 50 cycles, the peaks 
at 25.32o and 26.46o remain in XRD results. This means that it doesn’t occur the 
intercalation and deintercalation of PF6 anions which resulted from structural changes 
after 50 cycles. The peaks of TiO2 shown in the pristine powder persists the original 
peaks and don’t change after the cycling. The cycle efficiency from 50 to 250 cycles is 
97% which is better than cycle efficiency from 1 to 50 cycles because the structural 
changes of both electrodes do not occur during cycling after 50 cycles. In the first time, 
all KS-6/metal oxide capacitors showed the phenomenon of intercalation/deintercalation 
of PF6 anions in graphene layers and then the amount of intercalated PF6 anions into 
graphite is decreasing as increased cycle numbers.  
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Fig. 2.26 Ex-situ XRD results of KS-6 (upper) and TiO2 (bottom) in KS-6/TiO2 
capacitor after (a) 1st charged at 3.1 V, (b) 1st discharged at 0 V, (c) 5th 
charged at 3.1 V, (d) 5th discharged at 0 V, (e) 50th charged at 3.1 V, and (f) 
50th discharged at 0 V. 
 
 
2.4 Conclusions 
We developed the novel energy storage systems using metal oxide such as Nb2O5, 
MoO3, and TiO2 materials as anode and KS-6 graphite as cathode with 1.0 M LiPF6-
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EC/DMC(1:2 by Vol.). The KS-6/metal oxide energy storage systems with weight ratio 
of 1:1 for cathode to anode have a bent line with two linear regions in the 
charge/discharge process. The cell voltages increase up to 2.6 V (KS-6/Nb2O5), 2.0 V 
(KS-6/ MoO3), and 2.8 V (KS-6/TiO2), respectively, and stating point bend to 3.5 V 
remarkable increases in capacity. The average working voltages for these systems were 
about 3.1 V (KS-6/Nb2O5), 2.75 V (KS-6/MoO3), and 3.2 V (KS-6/TiO2), which were 
higher than that of the megalo-capacitance capacitor (about 2.75 V). They have higher 
energy density than megalo-capacitance capacitor because of increasing the working 
voltage and high capacity. The initial discharge capacities of KS-6/Nb2O5, KS-6/MoO3, 
and KS-6/TiO2 energy storage systems were 60, 77 and 90 mAhg-1 and cycle efficiency 
after 50 cycles are 80, 95 and 93 %(10 ~ 50 cycle), respectively. The charge/discharge 
mechanism of these novel energy storage systems involved the intercalation/de-
intercalation of PF6 anions at the cathode (graphite) and lithium cations at the metal 
oxide materials were confirmed by measuring by In-situ XRD. As increasing the rate in 
the cell, the specific capacities decreased KS-6/Nb2O5 system showed discharge 
capacity of 26 mAhg-1 at 35C and KS-6/MoO3 cell show 20 mAhg-1 at 50 C. In the case 
of KS-6/TiO2, it shows high capacity of 49 mAhg-1 at 20C.  
In these systems, the intercalation of PF6 anion into graphite has started to occur 
with electrolyte decomposition and SEI film on the graphite surface at voltage of 4.6 V 
and the changed stage of PF6--GIC compounds at 4.8 V. By increasing the weigh ratio of 
cathode to anode from 1 to 5, the voltage of graphite cathode and metal oxides 
decreased during charge process. The capacities of KS-6/metal oxide systems are 
reducing by increasing the weight ratio of cathode to anode, but their cycleabililty are 
stabilized at the optimal weight ratio. The proper weight ratio in KS-6/Nb2O5 and KS-6/ 
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TiO2 is 3 and 2, respectively. When systems are charged-and discharged, 
intercalation/de-intercalation of PF6 anions at the cathode (graphite) and lithium cations 
at the metal oxide materials occurred. As increased the weight ratio, the KS-6 graphite 
showed a higher angle in XRD which means that the amount of intercalated PF6 anions 
into graphite decreased and the metal oxide shows a structure changes meaning the 
amount of lithium in metal oxide increased during charge process.  
The voltage limiting regions without the PF6 intercalation, the metal oxide/KS-6 
capacitors show the initial discharge capacities of 28.5, 23.7 and 35.8 mAhg-1 for KS-6 
/Nb2O5, KS-6/MoO3, and KS-6/TiO2, respectively. The cycle retention rate of KS-6/ 
metal oxides capacitors were 92.5, 74 and 82% after 250 cycles. All KS-6/metal oxide 
capacitors show the phenomenon of intercalation/deintercalation of PF6 anions in 
graphene layers and then the amount of intercalated PF6 anions into graphite is 
decreasing as increased cycle numbers.  
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Chapter 3.  
 
Electrochemical Properties of Graphite 
and deposition of lithium metal on 
surface of graphite at low Temperature. 
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3.1. Introduction 
Graphite is the preferred material for negative electrode of lithium ion battery 
because of their low cost and non-toxicity [1]. Their positive features include a high 
reversible specific charge of up to 372 mAhg-1, a good cycling stability, as well as high 
electronic conductivity. Graphite intercalated reversibly lithium ion in a four-stage 
process, which involves phase transitions [2]. The lithium intercalation process into 
graphite occurs at very low potentials (below 0.3 V vs. Li/Li+). However, the 
electrochemical properties of graphite are limited to room temperature. A common 
phenomenon is that the lithium ion battery loses most of its capacity and power as the 
temperature falls below 0 oC [3-10]. Recently, many researchers have been focused on 
the low ionic conductivity of electrolyte and solid electrolyte interface on the graphite 
surface so that they focused on the development of electrolyte which have low freezing 
point and high ionic conductivity [3-11]. Indeed, this approaches led to an improved low 
temperature performance of graphite. However, the recent researches revealed that the 
electrochemical properties of graphite can be effected by not only ionic conductivity of 
the electrolyte but also diffusivity of lithium ion in graphite for operating at low 
temperatures in the lithium ion batteries [8-11]. There are many factors contributed to its 
poor electrochemical performance. The reason of poor performance decreased from 
room to low temperature can be summarized as follow: 1) reduced conductivity of the 
electrolyte and solid electrolyte interface on the electrode surface, 2) limited diffusivity 
of lithium ions within graphite anode, 3) high polarization of the graphite anode, which 
is related to the former two factors, and 4) substantially increased charge-transfer 
resistance on the electrolyte-electrode interfaces. Therefore, it is well known that the 
deposition of lithium metal occurs on the surface of graphite at low temperature which 
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is likely to lithium dendrite in lithium metal during the cycling [12]. Once deposited 
metals create a surface on the graphite, it grows until reaching the positive electrode, 
causing a short curcuit at low temperatures and high cycling rates in the battery.  
In this chapter, the electrochemical properties of five types of graphite at the low 
temperature were investigated by electrochemical measurements of cyclic voltammetry 
and the galvanostatic charge-discharge test compared with the electrochemical 
properties at the room temperature. The lithium deposition on the surface of graphite 
was also investigated by comparing the colors of electrode, Ex-situ x-ray diffraction and 
relationship between their structures and amount of deposition of lithium metal on 
surface of graphite.  
 
3.2. Experimental  
Five representative graphite samples were selected as the negative electrode 
materials in this study, including natural graphite and artificial graphite samples: KS-
6(Timcal Co. Ltd), MAG-C(Massive Artificial Graphite, Hitachi Kasei), MCMB6-
28(Meso Carbon Microbead, Osaka gas), and MCF(Meso Carbon fibers, Petoca). Some 
of their physical properties are listed and compared in Table 1. Powder X-ray diffraction 
(XRD, MINIFlex Ⅱ, Rigaku, Japan) using CuKα radiation was employed to identify 
the physical properties of graphite sample. In the XRD experiment, we used Si powder 
as standard material in order to correct the peak of graphite. 
All electrochemical cells were fabricated in the dry-box. The charge-discharge tests 
were performed using a CR2032 coin-type cell. Graphite electrodes were coated on 
copper foil by doctor blade with a mixture of 90% graphite sample – 6% acetylene 
black – 4% carboxymethylcelluose (CMC) dispersed in distilled water, dried at 100 oC, 
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pressed at 150.0 kgcm-2, and finally dried in a glass tube oven at 160 oC for 4 h. The test 
cell was made of graphite electrodes and a lithium metal anode (Cyprus Foote Mineral 
Co.) separated by two glass fiber filters. The electrolyte was a mixture of 1M LiPF6-
ethylene carbonate (EC)/diethyl carbonate (DEC) (3:7 by vol., Ube Chemicals, Japan). 
The charge and discharge current density was 0.1 mAcm-2 with a cut-off voltage from 
2500 to 5 mV.  
Three-electrode cells assembled in grove box under argon filled atmosphere. The 
working electrode was made with 2.5 mg of accurately weighed active material and 1.5 
mg of conductive TAB (Teflonized acetylene black). Lithium foil(Cyprus Foote Mineral 
Co.) was used as counter and reference electrode in the cell. CV measurements were 
performed using a HSV-100 (Hokuto Denko Ltd., Japan). CV experiments were carried 
out at a scan speed of 0.016 mVs-1 between 2.0 and 5.0 V vs. Li/Li+ at room temperature 
(25ºC) and low temperature (-5 oC). 
For Ex-situ XRD experiment, cells were charged and discharged at a rate of 0.1 
mAcm-2 to 5mV. And then, the cell was disassembling and rinsing the electrodes with 
dimethylcarbonate (DMC) in an argon-filled glove box.  
 
3. 3 Results and Discussion  
3.3.1 The characterization of used graphite samples 
I selected one natural graphite sample, four artificial graphite samples in this 
experiment. All artificial graphite samples such as KS-6, MAGC, MCMB6-28, and 
MCF samples were commercialized by Timcal, Hitachi, Osaka gas and Petoca, 
respectively. Fig. 3.1 shows the scanning electron microscopy (SEM) images of used 
graphite samples. As shown, the natural graphite particles were treated with a flake 
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shape with particle size of 10 ~ 30 μm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1 SEM photographs of the 
graphite samples: (a) 
NG, (b) KS-6, (c) 
MAGC, (d) MCMB6-
28, and (e) MCF  
 
 
The KS-6 graphite shows a plate-like shape with particle size of 5 ~ 10 μm. 
MAGC (particle size: 20 ~ 40 μm), MCMB6-28 (particle size: 10 ~ 20 μm), and MCF 
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(particle size: 5 ~ 15 μm) graphite samples show mass, sphere, and fiber shapes, 
respectively. The BET surface areas of NG, MAGC, MCMB6-28, and MCF graphite 
samples are below 4 m2g-1, but KS-6 graphite has high BET surface area of 15 m2g-1.  
Fig. 3.2 presents the of X-ray diffraction patterns obtained with the graphite 
samples. In this experiment, we used Si powder as standard material in order to correct 
the (002) peak of graphite. It is well known that lithium intercalation and 
electrochemical properties of graphite were affected by their physics properties of 
graphite, but it has been difficult to quantify the key parameters of their electrochemical 
properties.  
The complexity is primarily due to the large variation in crystallite size, lattice 
spacing, particle size, particle shape, impurities, density of dislocations, surface area, 
and surface functional groups of the existing graphite samples. All the XRD patterns are 
typical of graphitic materials comprised of graphene planes bound to each other in weak 
Van der Waals forces to form highly oriented layered structure. However, there are some 
differences among these samples which are related to the fine structure of the materials. 
The sharp (002) peaks indicated that all the samples are well graphitized. The high 
crystallinity of the samples is also attested by the value of the interlayer distance, d002. It 
reflects some differences in their degree of order, but not differ too much in their 
graphitization. The (002) peak of graphite samples showed the region between 26.46 
and 26.56o of 2θ value which agree the d002 value from 0.3665 nm to 0.03554 nm. The 
graphitization was calculated by follow equation: 
     Graphitization of graphite (%) = (3.440-d002) / 0.0868 *100 ……………….(1) 
All graphite samples were indexed the graphite using the definition of Franklins. As 
calculating the graphitization by equation (1), the graphitization of graphite samples in 
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order of NG, KS-6, MAGC, MCMB6-28, MCF are 99.0, 86.4, 93.4, 89.0, 91.9%, 
respectively. The order of their graphitization shows following order: NG > MAGC > 
MCF > MCMB6-28 > KS-6. The stability of highly crystalline graphite materials 
towards exfoliation during the first electrochemical reduction depends on the formation 
of an efficient passivation film on the graphite surface. Electrochemical exfoliation can 
be avoided on graphite surfaces with high defect content, since the surface passivation 
process is sufficiently completed at more positive potentials [13-14]. Many research 
groups also suggested that graphitic materials with a high rhombohedral phase do not 
also exfoliate in the presence of PC because of the resultant introduction of disorder into 
the graphite structure [15]. A notable difference in the structure of these graphite 
smaples is the presence of the rhombonhedral phase (3R) in the graphite samples. The 
difference between the more prevalent hexagonal phase (2H) and the rhombohedral 
phase is mainly in the stacking sequence of graphene sheets. Four peaks can be 
observed in a range of the diffraction angle from 40o to 50o in the X-ray diffraction 
patterns. The peaks at approximately 42.3o and 44.4o are diffraction patterns of (100) 
plane and (101) plane of hexagonal structure (2H) of the graphite, respectively. The 
peaks at approximately 43.3o and 46.0o are diffraction patterns of (101) plane and (102) 
plane of rhombohedral structure (3R) of the graphite, respectively. 
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Fig. 3.2 The XRD results of graphite samples: (a) NG, (b) KS-6, (c) MAGC, (d) 
MCMB6-28, and (e) MCF. 
 
The existing content of rhombohedral phase in graphite was also calculated by follow 
equation: 
            R3 content(%) = IR101/(IR101 + IH101) * 100……………………………….(2) 
Since the peaks of concern are broad, weak and not very separated from the baseline of 
XRD, this estimation is very rough. As calculating the R3 content in graphite by 
equation (2), the R3 content in graphite samples of NG, KS-6, MAGC, MCMB6-28, 
MCF are 30.9, 26.4 0, 0, and 0%, respectively. Table 1 lists all of these characteristics 
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obtained form XRD, their specific surface areas, shape, and the company.  
 
Table 3.1. The physical properties of used graphite 
 
 NG KS-6 MCMB   6-28 MCF MAGC 
S.A. (m2/g) 0.6 15 2.6 1.2 4.0 
d002 (nm) 0.3354 0.3365 0.3363 0.3602 0.3359 
Graphitization(%) 99.0 86.4 89.0 91.9 93.4 
Tentatively 3R (%) 30.9 26.4 0 0 0 
Shape Flake Plate-like Sphere fiber Mass 
Company China Timcal Osaka gas Petoca Hitachi Kasei 
 
 
3.3.2 Cyclic voltammetric studies of graphite samples at the room and low 
temperatures 
For comparison with electrochemical behaviors between room and low 
temperature, CV studies were carried out for the natural graphite and artificial graphite 
(MAGC) with slow scan rate of 0.017 mV/min in EC based electrolyte. Fig. 3.3 shows 
typical Cyclic Voltammograms of graphite samples in the electrolyte of 1M LiPF6-
EC/DEC (3:7 by volume): Natural graphite at (a) room temperature and (b) low 
temperature, and MAGC graphite at (c) room temperature and (d) low temperature. In 
the room temperature, NG and MAGC has roughly three couples of reversible redox 
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peaks lower than 0.4 V vs. Li/Li+ due to the lithium intercalation and deintercalation of 
Li+ ions in graphene layers. These peaks indicated the change of stage phenomenon 
occurred due to the intercalation and deintercalation of lithium into graphite. 
0.0 0.1 0.2 0.3 0.4 0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
0.0 0.1 0.2 0.3 0.4 0.5
-0.1
0.0
0.1
0.0 0.1 0.2 0.3 0.4 0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
0.0 0.1 0.2 0.3 0.4 0.5
-0.3
-0.2
-0.1
0.0
0.1
0.2
(a)
 
(b)
 
Potential  / V
(d)(c)
 
Cu
rr
en
t  
/ m
A
 
 
 Fig. 3. 3 Cyclic voltammograms of graphite samples(scan rate: 0.017 mV/s) in the 
electrolyte of 1M LiPF6-EC/DEC(3:7 by volume): Natural graphite at (a) room 
temperature and (b) low temperature, and MAGC graphite at (c) room 
temperature and (d) low temperature. 
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However, in the low temperature, the redox peaks of natural and artificial graphite 
samples have roughly only two couples of reversible redox peaks than 0.3 V vs Li/Li+. 
The reduction peaks showed the higher voltage and don’t clearly exhibit the 3rd 
reduction peak at lowest peak which can be seen in the room temperature. The oxidation 
peaks can be seen at the higher voltage and the currents are lower than that of room 
temperature during cycling. It was ascribed to the lower ionic conductivity of lithium 
ion in electrolyte and lithium diffusion in grpahene layer. 
 
3.3.3 charge-discharge characteristics of graphite samples at the room and low 
temperatures 
Fig. 3.4(a) and 3.4(b) shows the first charge-discharge curves of graphite 
samples(current density: 0.1 mAcm-2, cut-off voltage: 2.5 ~ 0 V in the electrolyte of 1M 
LiPF6-EC/DEC (3:7 by volume): (a) Natural graphite, (b) KS-6 graphite, (c) MAGC 
graphite, (d) MCMB6-28 graphite, and (e) MCF graphite. It is well known that graphite 
undergoes several structural transitions during lithium intercalation into graphene layers, 
called stages. The intercalation stage refers to the number of graphene layers between 
adjacent lithium layers stacked in a periodical pattern. First dilute stage 1 forms at very 
low lithium concentration and it transit a stage 4. A series of stage transitions take place 
as stage 3, stage 2L, stage 2 and stage 1 successively form [16]. For a range for 
transitions, it shows a coexistence region, in which the chemical potential of lithium in 
the two phases is equal. The staging phase transitions were shown to be very dependent 
on the crystal structure of graphite. Several voltage plateaus are observed in a room 
potential region of both charge-discharge; all graphite samples appear at about 190, 95, 
and 65 mV for the lithium insertion and at about 105, 140, and 230 mV for the 
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extraction of lithium. These phenomena are attributed to the stage transition of lithium-
graphite intercalation compounds (Li-GICs) due to lithium insertion or extraction 
between the graphene layers.  
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Fig. 3. 4(a) The first charge-discharge curves of graphite/Li cells (current density: 0.1 
mAcm-2, cut-off voltage: 2.5 ~ 0 V) in the electrolyte of 1M LiPF6-
EC/DEC(3:7 by volume): (a) Natural graphite, (b) KS-6 graphite, (c) 
MAGC graphite, (d) MCMB6-28 graphite, and (e) MCF graphite. 
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Fig. 3. 4(b) The first charge-discharge curves of graphite samples(current density: 0.1 
mAcm-2, cut-off voltage: 2.5 ~ 0 V) in the electrolyte of 1M LiPF6-
EC/DEC(3:7 by volume) at room (25 oC) and low temperature (-5 oC): (a) 
Natural graphite, (b) KS-6 graphite, (c) MAGC graphite, (d) MCMB6-28 
graphite, and (e) MCF graphite. 
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Natural graphite showed an initial charge-discharge capacities of 382.1 and 349.7 
mAh/g and has an irreversible capacity of 32.4 mAhg-1. The coulombic efficiency of 
natural graphite in first cycle is 91.5%. KS-6 graphite showed initial charge-discharge 
capacities of 401.4 and 320.3 mAhg-1. It has an irreversible capacity of 60.9 mAhg-1 and 
coulombic efficiency of KS-6 graphite is 84.8%. MAGC showed initial charge-
discharge capacities of 377.6 and 369.6 mAhg-1 and has an irreversible capacity of 8.0 
mAhg-1. The coulombic efficiency of MAGC is 97.9%. MCMB6-28 has initial charge-
discharge capacities of 337.1 and 327.3 mAh/g and has an irreversible capacity of 9.8 
mAhg-1. The coulombic efficiency of MCMB6-28 is 97.0%. MCF graphite showed 
initial charge-discharge capacities of 348.5 and 323.0 mAhg-1 and has an irreversible 
capacity of 25.5 mAhg-1. In general, the coulombic efficiency of graphite anodes in the 
first cycle is so low that there exists a high irreversible capacity. It is known that the 
irreversible capacity in the first cycle is attributed to the reductive decomposition of the 
electrolyte on the graphite surface [17]. The coulumbic efficiency of natural graphite is 
92.6%. The coulombic efficiency of KS-6 is much lower than the other graphite samples 
because of a high specific surface area. The reversible capacity in the first cycle 
involves electrolyte decomposition and the solid-electrolyte-interphase (SEI) formation. 
The electrolyte decomposition occurs during first lithiation process and forms a 
passivating layer on the surface of the graphite. In commonly used EC-based electrolyte, 
the irreversible capacity loss occurring during the first reduction depends linearly on the 
specific BET surface area of the graphite material [18-19]. On the other hand, there are 
different charge-discharge profile between room and low temperature. As compared 
with the room temperature, the charge-discharge curves of all graphite samples show a 
voltage plateaus with the lower for intercalation of lithium and higher voltage for 
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deintercalation of lithium at low temperature. Futhermore, they don’t show the lowest 
voltage plateau unlike at room voltage indicating the formation of 1st stage of Li-GIC. 
The capacities of graphite samples exhibited lower capacities than those at room 
temperature. The NG has shown the voltage plateau at around 150 and 65 mV and 
decreased straightly at 5 mV. The MAGC graphite has also same charge-discharge 
properties of NG graphite. The KS-6 graphite has three voltage plateaus during charge-
discharge curves, but the length of voltage plateau for the formation of 1st stage is 
smaller than theirs in the room temperature. In the case of MCMB6-28 and MCF has 
difference type of charge-discharge curve in the low temperature. They don’t show 
voltage plateaus which has shown in the other graphite samples. Their charge-discharge 
curves showed bent lines which is rapidly decreased to 150 mV and then the voltage 
slowly decreased to the end of charge during charging process, while they increased 
rapidly to 150 mV and then the speed of voltage decreased slowly. The initial discharge 
capacities of NG, KS-6, MAGC, MCMB6-28, and MCF are 201.7, 301.7, 243.8, 227.1, 
and 212.1 mAhg-1, respectively. The capacity fading from room to low temperature is 
large. The irreversible capacities of NG, KS-6, MAGC, MCMB6-28, and MCF showed 
24.5, 51.5, 29.1, 16.2, and 24.7 mAhg-1, respectively. Their coulumbic efficiencies are 
89.2, 85.4, 83.2, 93.3, and 89.5 % at the low temperature, respectively. The data of 
initial charge-discharge capacities, irreversible capacities, and the coulumbinc 
efficiencies of used graphites in room and low temperature are summarized in Table 3.2. 
Fig. 3.5 shows the Histogram of capacity at the first cycle for the graphite samples. In 
the room temperature, All graphite samples show reversible capacities of above 300 
mAhg-1 in the room temperature but, the reversible capacities of all graphite drop below 
250 mAhg-1, except the KS-6 graphite sample. 
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Table 3.2. First charge-discharge characteristics of the graphite samples  
 
Furthermore, the irreversible capacity of MAGC, MCMB6-28, and MCF graphite 
sample increased compared with those at room temperature. As a result of the charge-
discharge curve, the electrochemical properties of graphite in low temperature become 
to be worse compared with theirs in room temperature. It is due to the lower 
conductivity of electrolyte and difficult to diffuse of lithium into graphene layer during 
charge-discharge process.  
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Charge 
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(mAhg-1) 
 
Irriversible 
capacity at 
the first 
cycle 
(mAhg-1) 
 
Coulombic 
efficiency 
at the first 
cycle 
(%) 
NG 
RT     
(25 oC) 349.7 382.1 32.4 91.5 
LT 
(-5 oC) 201.7 226.2 24.5 89.2 
KS-6 
RT 
(25 oC) 340.3 401.4 61.0 84.8 
LT 
(-5 oC) 301.7 353.2 51.5 85.4 
MAGC 
RT 
(25 oC) 369.6 377.6 8.0 97.9 
LT 
(-5 oC) 243.8 292.9 29.1 83.2 
MCMB6-
28 
RT 
(25 oC) 327.3 337.1 9.82 97.0 
LT 
(-5 oC) 227.1 243.3 16.2 93.3 
MCF 
RT 
(25 oC) 323.0 348.5 25.5 92.6 
LT 
(-5 oC) 212.1 236.7 24.7 89.5 
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Fig. 3.5 The Histogram of capacity at the first cycle for the graphite samples at (a) room 
temperature (25 oC) and (b) low temperature (-5 oC)   
 
3. 3. 4 Relationship between graphitization and electrochemical properties of 
graphite 
On the basis of the charge-discharge curves of typical graphite samples, we can 
recognize that the operating temperature of cell can be effect to the cell performances. 
In order to obtain the relationship between some physical properties of graphite and 
113
 
114 
operating temperature of graphite samples, we check the graphitization and the 
difference of capacity between at room and at low temperature. Fig 3.6 shows the 
relationship between graphitization and the difference of capacity from at room to at 
low temperature. It can easily observe that the difference of capacity has a connection 
with graphitization of graphite samples. The graphitization of graphite samples has 
shown in the Table 3.1. According to the Table 3.1, the order of degree for 
graphitization of graphite shows following order: NG > MAGC > MCF > MCMB6-28 
> KS-6. The difference of capacities of NG, MAGC, MCF, MCMB6-28, and KS-6 are 
148.0, 125.8, 111.9, 100.2, and 38.6 mAhg-1, respectively. The graphite with high 
graphitization have large difference of capacity between room and low temperature, 
while the graphite with lower graphitization shows a lower difference in capacity. This 
result indicated that the graphite samples with high graphitization have highly decreased 
discharge capacity decreasing the temperature from room to low. It could clearly be 
related between the degree of graphitization and effect of temperature.  
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Fig. 3. 6 The relationship between graphitization and the difference of capacity from at 
room to at low temperature. 
 
 
3. 3. 5 Li deposition on graphite surface during charging process at low 
temperature  
In addition of the poor cycle properties at low temperature, it is well known that 
the lithium deposition on surface of graphite is possible to occur at the low temperature. 
The occurrence of lithium deposition can be effect to safety of lithium ion battery. The 
images of graphite samples after 1st charge process are shown in the Fig. 3.7. As shown 
in Fig. 3. 7, all colors of graphite are consisted with yellow and black. The color of 
graphite is yellow and gold after formation for 1st stage of lithium-Graphite 
intercalation compounds (GIC) due to the intercalation of lithium into graphene layers. 
The black color seems to form of 2nd stage of Li-GIC and lithium deposition on 
graphite surface. Although the degree of yellow and black is different to graphite 
samples, they are consisted with yellow and black colors. It means that lithium 
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deposition on the surface of graphite could easily form at low temperature.  
 
 
 
Fig. 3.7 The images of graphite samples after 1st charge process 
 
To confirm the data of pictures in previous comment, we measured the Ex-situ 
XRD after the 1st charge process. Fig. 3. 8 shows the The XRD results of graphite 
samples after 1st charge: (a) NG, (b) KS-6, (c) MAGC, (d) MCMB6-28, and (e) MCF. 
The charge condition was a current of 0.2 mA with voltage up to 5 mV. The (002) peak 
of all graphite samples disappeared after the charging process due to the lithium 
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intercalation into graphene layer. All graphite samples show the peaks at 24.3o and 25.4o 
which indicated the coexistence of LiC6 and LiC12 for the formation of 1st stage and 
2nd stage. It is agreed the result of charge-discharge curves, in which the voltage 
plateaus of 1st stage don’t show in all graphite samples. 
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Fig 3. 8 The XRD results of graphite samples after 1st charge: (a) NG, (b) MAGC, (c) 
KS-6, (d) MCMB6-28, and (e) MCF  
 
Moreover, the lithium peak is clearly showed for 2θ =51o in all graphite samples. These 
results lead us to the conclusion that the lithium deposition on surface of graphite can 
easily occur during 1st charge process. Since the conductivity of electrolyte and the 
lithium ion diffusion in the graphene layer became slow during charge process, the 
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lithium ion could accumulate on surface of graphite, not insert into graphene layer. 
Consequently, it is clear that the lithium can easily deposit on the surface of graphite in 
low temperature. It could be form the dendrite on the surface of graphite likely to 
lithium metal anode which caused the safety problem seriously in the lithium ion battery 
cycling in low temperature.  
In order to confirm the relation between physical properties of graphite and the 
amount of the lithium deposition, the intensity of lithium peak in the XRD was 
compared to the rhombohedral phase in the graphite. We think that the rhombohedral 
phase in graphite could effect on the insertion of lithium into graphite and it has related 
the lithium deposition on the graphite. The titanium sheet was used as current collector 
in order to avoid the overlapping copper sheet that peak of copper overlap the peak of 
copper at about 51o. Fig. 3. 9 shows The XRD results of graphite samples after 1st 
charge with Ti collector: (a) NG, (b) MAGC, (c) KS-6, (d) MCMB6-28, and (e) MCF. 
The XRD result using Ti collector is similar to the copper sheet. All graphite samples 
show the coexistence of LiC6 and LiC12, and form lithium deposition on surface of 
graphite. 
 From the result of XRD using titanium collector, we can compare with peak 
intensity of LiC6 and the lithium peak. Fig. 3.10 shows the relation between peak 
intensity of LiC6 and rhombohedral phase in graphite. The graphite samples with higher 
rhombohedral phase show higher intensity of LiC6 which is indicated that the lithium 
cations can easily insert into graphene layers. 
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Fig. 3.9 The XRD results of graphite samples after 1st charge with Ti current collector: 
(a) NG, (b) KS-6, (c) MAGC, (d) MCMB6-28, and (e) MCF.  
119
 
120 
0 5 10 15 20 25 30 35
2000
4000
6000
8000
10000
12000
NG
MAGC
MCMB6-28
KS-6
MFC
Pe
ak
 In
te
ns
ity
 o
f L
iC
6
3R Phase / %
 
Fig. 3. 10 The relation between peak intensity of LiC6 and rhombohedral phase in 
graphite 
 
Fig. 3.11 shows the relationship between peak intensity of LiC6 and rhombohedral 
phase in graphite. The graphite samples with lower rhombohedral phase showed higher 
intensity of lithium peak in XRD. The hexagonal form with a AB… graphene layer 
stacking sequence and the rhombohedral phase with a ABCABC… stacking sequence. 
It is well known that graphites containing higher amounts of the rhombohedral phase 
showed higher reversible capacities than a lower rhombohedral phase content. It was 
also observed less vulnerable to co-intercalation of solvents because of higher number 
of structural defects such as grain boundaries and dislocations. These defects create 
hindrances inside the graphite, which allow small unsolvated lithium cations to 
penetrate into bulk graphite. It was also proposed that the higher lithium storage 
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capacity of such graphites may be explained by lithium storage at grain boundaries in 
the graphite in addition to lithium intercalation between graphene layers. As became the 
low temperature, the conductivity of electrolyte and the lithium ion diffusion in the 
graphene layer became slow during charge process compared with room temperature. It 
could explain that the lithium deposit on graphite is possible to form on grain boundary 
between rhombohedral and hexagonal phases.  
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Fig. 3. 11 The relation between peak intensity of LiC6 and rhombohedral phase in  
Graphite samples 
 
 
3. 4 Conclusion  
The electrochemical performance of a variety of graphite samples at low 
temperature has been preliminarily investigated. In the charge-discharge curves of 
121
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graphite samples, the voltage plateaus of charge process due to intercalation of lithium 
ions into graphene layer is lower and the voltage plateaus of discharge curves due to 
deintercalation of lithium ions from graphite is higher than theirs at room temperature. 
This phenomenon resulted from lower conductivity in electrolyte and lithium diffusion 
on graphene layer due to operate at low temperature. The graphite with high 
graphitization can easily effect of temperature changed from room to low temperature. 
At the low temperature, the graphite with higher rhombohedral phase in graphite can 
easily form lithium deposition on the graphite surface.   
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Suppression of Li deposition on 
surface of graphite 
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4. 1. Introduction  
As the energy density of the battery increases, so too does the chance for accidental 
explosion with recent incidences of Li-ion batteries exploding in laptop computers 
exemplifying this. The main reason for these accidents is the dendrite metal impurity, 
including lithium metal deposition on the graphite anode [1]. The schematic diagram of 
lithium deposition on surface of graphite is shown in Fig. 5.1. Once deposited metals 
create a surface on the graphite, it grows until reaching the positive electrode, causing a 
short circuit, especially at low temperatures and high cycling rates in the battery. 
Graphite electrodes also have few disadvantages: 1) active points of the graphite 
decompose the electrolyte: 2) the potential profile of electrode surface is not uniform, 
thus the Li metal can form lower potential areas. In order to improve the cycleability of 
graphite anodes, modified graphite especially carbon coated graphite [2-3] and additives 
[4] have been developed, especially high crystalline graphite, which shows the 
theoretical capacity of graphite. Thus, the energy density of LIB is increased. The main 
advantage of the composite material over the constitutional materials lies in the hybrid 
characteristics, which can overcome most of the drawbacks whereas keep the benefits of 
both of the parents (graphite and carbon) materials. Natural graphite coated with carbon 
showed much better electrochemical performance as an anode material in both 
propylene carbonate based and ethylene carbonate based electrolytes than natural 
graphite.  
The additives decompose during the first discharge process, before electrolyte 
decomposition. The decomposed compounds of the additives cover the active sites of 
the graphite anode and suppress further electrolyte decomposition at these sites on the 
anode [5-15]. Therefore, the surface film formed by additives on the anode plays an 
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important role and partly replaces the SEI film formed by decomposition of the 
electrolyte solvents. Recently, several kinds of additives for graphite anodes have been 
reported, including catechol carbonate [5], imide compounds [6], double-bonded 
compounds like vinyl acetate [7-8], ethylene sulfide [9], Butyl Sultone [10], vinyl 
carbonate [11-14], and propane sultone [15]. Such additives have been focused on 
forming a high quality solid electrolyte interphase (SEI) onto the various electrodes, 
leading to improved cyclability in lithium ion batteries. Since the introduction of such 
additives for graphite anodes, the capacity of the anode has been improved by 
modification with the SEI film and has played an important role in electrolyte research.  
 
 
Fig. 4.1 Schematic diagram of lithium deposition on graphite. 
 
In this chapter, we introduce carbon coated graphite by thermal vapor 
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decomposition process and a 1,3-propane sultone as the electrolyte additive for 
suppression of lithium deposition. And it reported the electrochemical performance of 
carbon coated graphite and the PS additive with the propylene carbonate (PC)-based 
electrolytes and ethylene carbonate (EC)-based electrolyte We also investigate the effect 
of carbon coated graphite and the PS additive towards suppressing lithium deposition 
and lithium intercalation into graphite by ex-situ X-ray diffraction.  
 
4. 2. Experimental 
Carbon coated natural graphite was prepared by the TVD (thermal Vapor 
Decomposition) technique. Toluene vapor and nitrogen carrier gas were fed into the 
reaction tube with the flow rates of 1 mlmin-1. In the reaction tube, natural graphite was 
stirred in order to make a fluid-bed layer and expose the surface of graphite particles to 
the vapor. The temperature of the reaction tube was kept at 1000 oC. At such a high 
temperature, the toluene vapor flowed into the reaction tube, decomposed and deposited 
on the surface of graphite as a carbon coating. 
1,3-Propane sultone (PS) is commercially available from Aldrich and used without 
further purification. The electrolyte was a mixture of 1.0 M LiPF6 in propylene 
carbonate (PC)/diethyl carbonate (DEC) (1:1 vol., Ube Chemicals, Japan) and ethylene 
carbonate (EC)/diethyl carbonate (DEC) (3:7 vol., Ube Chemicals, Japan) alone or with 
the addition of 1,3-propane sultone. Electrolyte preparation was carried out under argon 
atmosphere in a glove box. For investigating the reductive potential of the 1,3-propane 
sultone, cycle voltammetry (CV) was carried out in glass cells with 3 electrodes. The 
graphite electrode served as the working electrode and lithium metal foil was applied 
for counter and reference electrodes with 0.5 wt% 1,3-propane sultone additive in 1.0 M 
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LiPF6-EC/DEC (3:7 vol.). The charge and discharge characteristics of the graphite 
electrode were examined in a screw-type cell, comprised of a lithium metal electrode 
and a graphite electrode separated by a glass fiber. In order to prepare the electrode, 90 
wt% graphite powder and 6 wt% acetylene black were suspended in a solution of 4 wt% 
carboxymethylcelluose (CMC) in distilled water and spread on the copper foil as a 
current collector, dried at 100 oC, pressed at 150.0 kgcm-2, and finally dried in a glass 
tube oven at 160 oC for 4 h. The test cell was made of an anode and a lithium metal 
anode (Cyprus Foote Mineral Co.) separated by 2 glass fibers. The charge and discharge 
current densities were 0.1 mAcm-2 with a cut-off voltage from 0.005 to 2.5 V. There 
were 2 test conditions, in the absence of and in the presence of the PS additive. In the 
absence of the PS additive, only 1 discharge process was carried out and kept at 0.005 V 
for 10 h at a temperature of -5 oC. Conversely, in the presence of the PS additive, 3 
cycles at room temperature were conducted. After cycling at room temperature, the 
process in the absence of the PS additive was carried out. To investigate lithium 
deposition on the graphite, we conducted X-ray diffraction (XRD, MINIFlex П, Rigaku, 
Japan), using CuKα radiation, to identify lithium depostion on the graphite anode after 
cycling, followed by ex-situ XRD. The cells were disassembled and the electrodes 
sealed in a vinyl bag in an argon-filled glove box to prevent any reaction with moisture 
in the air  
 
4. 3. Result and discussion  
4. 3.1. The effect of carbon coated natural graphite for suppression of Li deposition 
The SEM images of natural graphite and carbon coated natural graphite were 
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shown in Fig. 4.2. The natural graphite particles were treated with a flake shape. In the 
case of 10% carbon coated graphite (hereafter called ‘NC-10’), it is found that the 
circular shaped particles of carbon are deposited on the surface of graphite particles. It 
shows to disappear a shape of bare NG and only curved planes due to the coverage of 
carbon on the surface of graphite which means that the carbon is fully covered on the 
surface of bare natural graphite. 
 
 
Fig. 4.2 SEM Images of (a) Natural graphite and (b) NC-10 graphite. 
Fig. 4.3 shows the XRD results of natural graphite and NC-10 graphite. Two 
graphite samples are high crystallized graphite. The (002) peaks show at 2θ = 26.553 
and 26.523o and the values of d002 are 0.3354 and 0.3558 nm for natural graphite and 
NC-10, respectively. Their graphitizations are 99.1% and 94.1%. And the contents of 
rhombohedral phase in graphites are 30.9 and 17.3%. As coated carbon on graphite, 
rhombohedral phase in graphite decreased because the process of carbon coating is used 
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to the heat. In the previous research, the graphite with heat treatment reported that the 
content of R3 phase in graphite reduced. As a result of XRD, we confirm that the two 
graphite samples are high crystallized graphite.  
To investigate the electrochemical behaviors of natural graphite and NC-10 
graphite, CV studies were carried with slow scan rate at low temperature in EC based 
electrolyte. Fig 4.4 shows typical Cyclic Voltammograms of graphite samples (scan rate: 
0.017 mVs-1) in the electrolyte of 1M LiPF6-EC/DEC (3:7 by volume) at low 
temperature: (a) Natural graphite and (b) NC-10 graphite.  
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Fig. 4.3 XRD results of (a) Natural graphite and (b) NC-10 graphite. 
 
130
131 
In the case of NG, as explained in a previous chapter, the redox peaks of graphite 
samples has roughly only two couples of reversible redox peaks lower than 0.3 V vs 
Li/Li+ and does not clearly exhibit the 3rd reduction peak at low temperature. The 
oxidation peaks show at the higher voltage at low temperature than that at the room 
temperature and the currents are also small because of the lower ionic conductivity of 
lithium in electrolyte and lithium diffusion in grpahene layer. However, carbon coated 
natural graphite has roughly two couples of reversible redox peaks lower than 0.4 V vs. 
Li/Li+ indicated the change of stage phenomenon occurred due to the intercalation and 
deintercalation of lithium in graphene layers. The peaks of NC-10 graphite exhibited 
clearly reduction and oxidation peaks compared with NG. We can expect that the NC-10 
graphite shows better electrochemical properties at the low temperature than NG due to 
the modification of graphite surface. It is well known that the material in surface of 
graphite is possible to effect the formation of SEI film during charge-discharge process. 
We suppose that the NC-10 graphite make an more effective SEI film and maybe 
accelerate the lithium diffusion in graphite. Moreover, the carbon coating on the 
graphite can improve the electrochemical properties at low temperature. .  
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Fig. 4.4 Cyclic voltammograms of (a) Natural graphite and (b) NC-10 graphite at low 
temperature (-5 oC). 
Fig. 4.5 shows the first charge-discharge curves of natural graphite and NC-10 
graphite/Li cells at low temperature (current density: 0.1 mAcm-2, cut-off voltage: 2.5 ~ 
0 V) in the electrolyte of 1M LiPF6-EC/DEC (3:7 by volume). The NG has shown in the 
voltage plateaus at around 150 and 65 mV and decreased straightly to 5 mV for 
charging process and around 180 mV and 275 mV in discharge process. It is well known 
that the three voltage plateaus indicating the stage change due to intercalation into 
graphite during charge process at room temperature. But, the NG operating at low 
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temperature shows only two voltage plateaus during charge process. The Li intercalated 
graphite compound doesn’t form the 1st stage of LiC6 due to intercalate of Li cations 
into graphene layers. 
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Fig. 4.5 First charge-discharge curves of Natural graphite and NC-10 graphite at low 
temperature (-5 oC). 
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It expected that the intercalation and deintercalation of Li cations is slower than its 
at room temperature. It shows an initial charge capacity of 224.6 mAhg-1 and discharge 
capacity of 201.7 mAhg-1. The irreversible capacity is 22.9 mAhg-1 during 1st cycle. 
However, NC-10 graphite show three plateaus of 180, 65, and 25 mV for charge and of 
125, 180, and 250 mV for discharge process. The voltage plateaus of NC-10 in charge 
are higher than natural graphite. We expected that the carbon coating on graphite can be 
effected to the electrochemical properties which maybe improve conductivities of 
surface and graphite layers and reduce the resistance between surface of graphite and 
electrolyte. The carbon coated NG have also higher charge-discharge capacities of 320 
and 301 mAhg-1, respectively and irreversible capacity of 25 mAhg-1. The carbon 
coating on graphite can make new and effective SEI film and the lithium ions can easily 
intercalate into graphite at low temperature compared natural graphite.  
Fig. 4.6 shows the images of natural graphite and NC-10 graphite after 1st charge 
process at low temperature (-5 oC). The colors of natural graphite consist with a lot of 
black and small yellow. As discussed in the previous chapter, the black color indicated 
the formation of LiC12 and lithium deposition on the surface of graphite and the yellow 
color is formation of LiC6 as first stage due to the lithium intercalation into graphene 
layers. However, NC-10 graphite consists with a lots of yellow color and small amount 
of black color. We think that the carbon coating improved the lithium diffusion on 
graphite and the modified the SEI film. 
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Fig. 4.6 The images of (a) Natural graphite and (b) NC-10 graphite after 1st charge 
process at low temperature (-5 oC). 
 
To verify the above results of suppression of lithium deposition on the graphite by 
carbon coating on graphite, we used ex-situ XRD measurements. Fig. 4.7 shows ex-situ 
XRD results of: (a) natural graphite and (b) NC-10 graphite after 1st charge process at 
low temperature (-5 oC). The natural graphite used in this study had an interlayer 
distance value, d(002), of 3.353 Å. The lithium ion is intercalated within the graphite to 
form lithium-graphite intercalation compounds (Li-GICs) [19-20]. The stage 
phenomenon characterized by the intercalate layer is the most important and 
characteristic property of GICs. The mechanism of lithium intercalation into graphite is 
well known and has been studied using X-ray diffraction. The stage structure changes 
from a higher to a lower stage during electrochemical lithium intercalation. The graphite 
allows lithium intercalation up to a composition of LiC6 at 1st stage. The NC-10 
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graphite shows a Li peak at 51o with a mixture of LiC6 at 24.3o and LiC12 at 25.4o, 
corresponding to 1st and 2nd stages, respectively. It also shows that formation of LiC12 
is greater than LiC6, indicating a certain level of difficulty for intercalation of the 
lithium ion within the graphite layer as it was cycled at a low temperature enough to 
slow mobility of the lithium ions. However, NC-10 graphite clearly shows a smaller Li-
metal peak with formation of LiC6 compared with natural graphite cycled at a low 
temperature. The films formed by reduction of electrolyte on carbon coated graphite can 
improve the effectiveness of the overall films compared to original natural graphite.  
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Fig. 4.7 The XRD results of (a) Natural graphite and (b) NC-10 graphite after 1st charge 
process at low temperature (-5 oC). 
 
We suggest that the carbon coating on graphite can improve the safety of lithium 
ion batteries because it can easily diffuse the lithium ion into graphite and make a new 
SEI film, potentially constituting a different component in comparison with cycling in 
136
137 
the absence of a carbon coating. Carbon coating are good for suppressing metal 
deposition on the surface of the graphite and accelerate intercalation into graphite-
formed LiC6. 
 
4. 3. 2 The effect of additive for suppression of Li deposition 
Concerned about the selection of additives, we employed cyclic voltammetry, for 
reductive potentials, and molecular orbital (MO) calculations as the first screening 
method. The MO theory gives estimations of the reduction and oxidation potentials of 
the additives, effectively screening appropriate compounds as anodic or cathodic 
additives for the electrolyte based on their decomposition potentials. The anodic 
reaction correlates to the lowest unoccupied molecular orbitals (LUMOs). In order to 
investigate the reductive potential of the PS additive, we used cyclic voltametry. Cyclic 
voltammograms of PS additives on natural graphite anodes in 1.0 M LiPF6-EC/DEC 
(3:7 vol.) with 0.5 wt% PS of additive are shown in Fig. 4.8(a). The reduction potential 
with the graphite electrode was measured to ascertain an additive inhibiting reductive 
decomposition of the EC or PC solvent. Therefore, it is important that the additive 
should decompose on the graphite to produce the SEI film prior to EC or PC 
decomposition because the electrochemical decomposition of propylene carbonate on 
the graphite occurs during the initial lithium ion intercalation process [16-17]. As a 
result, additives should be easily reduced at potentials higher than the decomposition 
potential of the solvent, reflecting the low LUMO energy and leading to the inhibition 
of graphite exfoliation through PC decomposition and effective lithium intercalation and 
deintercalation processes. The reductive potential was estimated from irreversible 
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reductive peaks of the first cycle in the cyclic voltammogram and equal to the potentials 
where the irreversible decomposition current began to rise drastically in the CVs. The 
reductive potential of 1,3-propane sultone is 2.1 V in Fig. 4.8(a). Fig. 4.8(b) shows that 
the decomposition potential of the compounds correlates with their LUMO energies. In 
our previous report [7], Yoshio et al. found that the reduction order of additives and 
solvents correlated well with their relative LUMO values, thus, the additives with lower 
LUMO energy have higher reduction potentials and are reduced on the anode to form a 
passivation layer film prior to solvent decomposition. Such a straightforward 
relationship allows us to estimate the reductive potential of the 1,3-propane sultone 
additive by means of the calculated LUMO values. It is noteworthy that PC and EC 
decompose at approximately -0.5 V (vs. Li/Li+) on platinum electrodes, but between 0.5 
~ 0.8 V on graphite electrodes due to their catalytic action. Therefore, appropriate 
additives should be decomposed at potentials higher than 0.5 V vs. Li/Li+, form stable 
films on the graphite anodes, and prevent electrolytic decomposition due to catalytic 
decomposition of the solvents. In accordance with Fig. 4.8(b), appropriate LUMO 
values of the candidate anode additives should remain below 1 eV, at a reduction 
potential higher than the PC or EC decomposition potential at the graphite anode. We 
have temporarily determined that the appropriate LUMO energies of the candidate 
anodic additives should fall in the range from -1 to 1 eV. On the basis of the reductive 
potential and LUMO energy, 1,3-propane sultone is a good candidate additive for 
graphite.  
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Fig. 4.8(a) Cyclic voltammogram of 0.5 wt% of 1,3-propane sultone in 1.0 M LiPF6-
EC/DEC (3:7 vol) on natural graphite with a scan rate of 1 mVs-1; (b) 
correlation between LUMO energies and reduction potentials for additives 
and solvents at the Pt electrode.  
 
 
139
140 
Fig. 4.9(a) shows the charge/discharge profile of the Li/graphite cells in LiPF6-
PC/DEC (1:1 vol) electrolyte alone. PC-based electrolytes were a convenient and 
effective means of evaluation of additives and are widely used as fingerprint electrolytes. 
For the cell without an additive, only a long discharge plateau is observed, due to 
decomposition of the PC from 0.7 - 0.8 V, without any lithium intercalation process. 
The decomposition of PC molecules takes place at a capacity near 3300 mAhg-1. 
Charging of this cell was impossible, suggesting that decomposition of the PC 
prevented formation of an effective surface layer on the graphite surface. This 
consequently results in the exfoliation of the graphite electrode. Conversely, in the case 
of the addition of 0.5 wt% PS (Fig. 4.9(b)), there is no long and obvious plateau 
between 0.7 - 0.8 V in the discharge curve. Moreover, it clearly shows the effect of the 
PS additive suppressing decomposition of the PC. The capacity during the first 
discharge process was 390.9 mAhg-1. When the cell is charged to 2.5 V, lithium 
deintercalation occurs, corresponding to a capacity of 357.2 mAhg-1 and an irreversible 
capacity of 33.7 mAhg-1 which mainly occurs to decompose electrolyte and form a 
passivation layer film. The coulombic efficiencies of first and second cycle is only 
91.3% and 99.8%. At the second and subsequent cycles, graphite electrode shows good 
reversibility with coulombic efficiency of nearly 100%. 
The intercalation and deintercalation of Li ions into graphite seems to be very smooth in 
the presence of the PS additive and seems to form a protective layer on the graphite 
during the first charging process, with Li ion intercalation occurring even in PC-based 
electrolytes. The PS additive was effective at forming the protective layer with 
appropriate properties on the surface of the graphite anode. A cycle performance of a 
Li/graphite cell containing 1.0M LiPF6-PC/DEC (1:1 vol.) with 0.5 wt% PS is presented 
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in Fig. 4.10.  
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Fig. 4.9 The charge/discharge curves of natural graphite with a current density of 0.4 
mAcm-2, at a cut-off voltage between 2.5 to 0.005 V in 1.0 M LiPF6-PC/DEC 
(1:1 vol): (a) in the absence of the additive; (b) in the presence of 3 wt% 1,3-
propane sultone additive. 
 
141
142 
0 10 20 30 40
0
50
100
300
350
400
450
500
 charge
 discharge
 
 
Ca
pa
cit
y /
 m
Ah
g-1
Cycle Number
 
Fig. 4.10 Capacity vs. cycle number of graphite electrode cycled in 1M LiPF6-
PC/DEC(1:1 vol) containing 0.5 wt% 1.3-Propane sultone.  
 
The test conditions were a current density of 0.4 mAcm-2 for a cut-off voltage from 2.5 
V to 0.005 V at room temperature. The initial discharge capacity was 357.2 mAhg-1 
which is close to the theoretical value of 372 mAhg-1 based on LiC6 and exhibited no 
capacity loss after 45th cycle. On the other hand, graphite electrode without PS is very 
difficult to obtain the result of cycle property due to suffer exfoliation of the graphite 
electrode during 1st charge process.  
Fig. 4. 11(a) shows a typical SEM image of the natural graphite anode prior to the 
electrochemical experiments. In previous reports, we observed that the PC-based 
electrolytes caused natural graphite exfoliation.[7] The surface of natural graphite 
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before cycling is of a homogenous formation, but, it is clearly seen that the SEI film 
formed on the graphite surface is not a homogeneous formation (Fig. 4.10(b)). A large 
number of minute spots are observed instead and form due to PS addition to the 
electrolyte. The adequately formed SEI film plays a crucial role in the safety of the LIB 
while in operation.  
We found another important and interesting result revealing the effects of the PS 
additive. Fig. 4.12(a) and 4.12(b) show appearances on the natural graphite anode after 
the 1st charge process, with a current density of 0.1 mAcm-2 for a cut-off voltage of 
0.005 V at -5 oC with the cell being equilibrated at 0.005 V for 10 h. The electrolyte was 
1.0 M LiPF6-EC/DEC (3:7 vol). In general, Li deposition occurred at temperatures 
below 0 oC and high current. We conducted severe conditions below 0 oC to easily form 
lithium deposits on the surface of the graphite. The color of the front side was golden 
and dark brown. We speculate that the golden color is the first stage color of lithiated 
graphite (LiC6) [18] and the dark brown is formation of lithium deposits on graphite or 
another stage of the lithium-graphite intercalation compound (Li-GICs). The color of 
backside changed to black, indicating that the graphite electrode, in the absence of the 
PS additive, may undergo lithium deposition only during the 1st discharge process. 
Conversely, Fig. 4.11(c) and 4.11(d) show appearances of the front and backside for the 
natural graphite electrode using the PS additive electrolyte. The test conditions were a 
current density of 0.1 mAcm-2 for a cut-off voltage to 0.005 V at room temperature in 3 
cycles to decompose the PS additive and deposit it at the active sites of the graphite 
electrode, followed by low temperature test as above low temperature test condition 
with absence of PS additive.   
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Fig. 4. 11. SEM images of the natural graphite surface: (a) original; (b) after the 3rd 
charge-discharge cycling in the electrolyte of 1.0 M LiPF6-PC/DEC (1:1 vol). 
 
Unlike the appearance of the graphite electrode in the absence of the PS additive, the 
color of the electrode in the presence of the PS additive was nearly all golden with a 
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little dark brown about the edges. Its backside did not change and maintained the 
original color of copper. The above results indicate that the PS additive decomposed 
during the first charge process and deposited at active sites of the graphite, thereby 
preventing metallic Li deposition on the surface of the graphite.  
 
 
 
Fig. 4.12. Appearance of: (a) front side; (b) backside for the natural graphite electrode 
cycled in the absence of the electrolyte additive, at -5 oC; and (c) front side; 
(d) backside for the natural graphite electrode cycled in the presence of the 
electrolyte additive with the 3rd cycle at room temperature, followed by 1 
charge process at -5 oC. 
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To verify the above results of suppression of lithium deposition on the graphite by 
the PS additive in the electrolyte, we used ex-situ XRD measurements. Fig. 4.13 shows 
ex-situ XRD results of: (a) pristine natural graphite; (b) in the absence of the PS additive 
after cycling; (c) in the presence of the PS additive after cycling. The natural graphite 
used in this study had an interlayer distance value, d(002), of 3.353 Å. The lithium ion is 
intercalated within the graphite to form lithium-graphite intercalation compounds (Li-
GICs) [19-20]. The stage phenomenon characterized by the intercalate layer is the most 
important and characteristic property of GICs. The mechanism of lithium intercalation 
into graphite is well known and has been studied using X-ray diffraction. The stage 
structure changes from a higher to a lower stage during electrochemical lithium 
intercalation. The graphite allows lithium intercalation up to a composition of LiC6 at 
stage 1. The graphite cycled in the absence of the PS additive shows a Li peak at 51o 
with a mixture of LiC6 at 24.3o and LiC12 at 25.4o, corresponding to stages 1 and 2, 
respectively. It also shows that formation of LiC12 is greater than LiC6, indicating a 
certain level of difficulty for intercalation of the lithium ion within the graphite layer as 
it was cycled at a low temperature enough to slow mobility of the lithium ions. However, 
graphite cycled in the presence of the PS additive clearly shows a smaller Li-metal peak 
with much improved formation of LiC6 compared with graphite cycled in the absence of 
the PS additive, in spite of the test conditions at a low temperature. The films formed by 
reduction of the PS can improve the effectiveness of the overall films compared to in 
the absence of the PS additive. We suggest that the 1,3-propane sultone can improve the 
safety of lithium ion batteries because it can easily decompose at active sites of the 
graphite and make a new SEI film, potentially constituting a different component in 
comparison with cycling in the absence of a PS additive. PS additives are good for 
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suppressing metal deposition on the surface of the graphite and accelerate intercalation 
into graphite-formed LiC6. 
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Fig. 4.13 Ex-situ XRD results of natural graphite: (a) pristine natural graphite sheet; (b) 
natural graphite electrode cycled in the absence of the electrolyte additive at -5 
oC; (c) natural graphite electrode cycled in the presence of the electrolyte 
additive with the 3rd cycle at room temperature, followed by 1 charge process 
at -5 oC. 
 
 
4. 4. Conclusion 
The electrochemical performance of 10% carbon coated graphite (NC-10) at low 
temperature has been preliminarily investigated compared with natural graphite. In the 
charge-discharge curves of graphite samples, the NC-10 graphite has a higher capacity 
than NG and the voltage plateau shows the lowest voltage plateau changing from 2nd 
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stage to 1st stage. In ex-situ XRD results, it can be observed the weak lithium metal 
peak and the formation of 1st stage. The carbon coating on graphite can easily diffuse 
the lithium ion into graphite and make a new SEI film, potentially constituting a 
different component in comparison with cycling in the absence of a carbon coating. 
Carbon coating is good for suppressing metal deposition on the surface of the graphite 
and accelerate intercalation into graphite-formed C6Li. 
1,3-Propane sultone has been investigated as an additive for the electrolytes in 
lithium-iom batteries and was found effective for suppressing PC decomposition and Li 
metal deposition on the surface of the natural graphite electrode through covering of the 
active sites of the graphite by the reduced compounds of the additive, protecting the 
graphite surface and maintaining a homogenous potential profile of the surface of the 
electrode. PS additive and their formation processes of their protective layers on 
graphite are a very effective tool for improving safety of lithium-ion batteries.  
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Chapter 5. 
 
General conclusions 
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1. The novel energy storage systems were developed by using metal oxides as 
anode material and KS-6 graphite as cathode with cut-off voltage region 
between 1.5 to 3.5 V. The Nb2O5, MoO3, and TiO2 materials are used as anode 
materials in this experimental. The used electrolyte was 1.0 M LiPF6 dissolved 
in ethylene carbonate (EC)/ dimethyl carbonate (DMC) (1:2 by Volume). 
The KS-6/metal oxide energy storage systems with weight ratio of 1:1 for 
cathode to anode have a bent line with two linear regions in the charge-discharge 
process. The cell voltages increase up to 2.6 V (KS-6/Nb2O5), 2.0 V (KS-
6/MoO3), and 2.8 V (KS-6/TiO2), respectively, and starting point bend up to 3.5 
V showing remarkable increases in capacity. The average working voltage for 
these systems were about 3.1 V (KS-6/Nb2O5), 2.75 V (KS-6/MoO3), and 3.2 V 
(KS-6/TiO2), which were higher than that of the megalo-capacitance capacitor 
(about 2.75 V). They have higher energy density than Megalo-capacitance 
capacitor because of increasing the working voltage and high capacity. The 
initial discharge capacities of KS-6/Nb2O5, KS-6/MoO3, and KS-6/TiO2 energy 
storage systems were 60, 77 and 90 mAhg-1 and cycle efficiency after 50 cycle 
are 80, 95 and 93 %(10 ~ 50 cycle), respecitvely. By measurement of In-situ 
XRD, The charge/discharge mechanism of these novel energy storage systems 
involved the intercalation/de-intercalation of PF6 anions at the cathode (graphite) 
and lithium cations at the metal oxide materials, respectively. As increasing the 
rate in the cell, the specific capacities decreased, KS-6/Nb2O5 system showed 
discharge capacity of 26 mAhg-1 at 35C and KS-6/MoO3 cell show 20 mAhg-1 at 
50 C. In the case of KS-6/TiO2, it shows high capacity of 49 mAhg-1 g at 20C.  
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2. In these systems, the intercalation into graphite has started to occur with 
electrolyte decomposition and SEI film on the graphite surface at voltage of 4.6 
V and the changed stage of PF6--GIC compounds at 4.8 V. By increasing the 
weight ratio of cathode to anode from 1 to 5, the voltage of graphite cathode and 
metal oxides decreased during charge process. The capacities of KS-6/metal 
oxide systems are reducing by increasing the weight ratio of cathode to anode, 
but their cycleabililty are stabilized at the optimal weight ratio. The proper 
weight ratio in KS-6/Nb2O5 and KS-6/TiO2 is 3 and 2, respectively. When 
systems are charged and discharged, they involved that the intercalation/de-
intercalation of PF6 anions at the cathode (graphite) and lithium cations at the 
metal oxide materials, respectively. As increased the weight ratio, the graphite 
smaples showed a higher angle which means that the amount of intercalated PF6 
anions into graphite decreased and the metal oxide shows a structural changes 
meaning the amount of lithium in metal oxide increased during charge process.  
 
3. The voltage limiting regions without the PF6 intercalation, the KS-6/metal oxide 
capacitors show the initial discharge capacities of 28.5, 23.7 and 35.8 mAhg-1 for 
KS-6/Nb2O5, KS-6/MoO3, and KS-6/TiO2, respectively. The cycle retention rate 
of KS-6/metal oxide capacitors were 92.5, 74 and 82% after 250 cycles. All metal 
oxide/KS-6 capacitors show the phenomenon of intercalation/deintercalation of 
PF6 anions into graphene layers and then the amount of intercalated PF6 anions 
into graphite decrease as increased cycle numbers.  
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4. The electrochemical performance of a variety of graphite samples at low 
temperature has been preliminarily investigated. In the charge-discharge curves of 
graphite samples, the voltage plateaus of charge process due to intercalation of 
lithium ions into graphene layer is lower than that of room temperature. The 
voltage plateaus of discharge curves due to deintercalation of lithium ions from 
graphite is higher than theirs at room temperature. This phenomenon resulted 
from lower conductivity in electrolyte and slow lithium diffusion in the graphene 
layer at low temperature. The graphite with high graphitization can easily effect of 
temperature changed from room to low temperature. At the low temperature, the 
graphite with higher rhombohedral phase in graphite can easily form lithium 
deposition on the graphite surface.   
 
5. The electrochemical performance of 10% carbon coated graphite (NC-10) at low 
temperature has been preliminarily investigated compared with natural graphite. 
In the charge-discharge curves of graphite samples, the NC-10 graphite has a 
higher capacity than NG and the voltage plateau shows the lowest voltage 
plateau changing from 2nd stage to 1st stage. In ex-situ XRD results, we can 
observe the lower lithium metal peak and the formation of 1st stage. The carbon 
coating on graphite cause faster lithium ion diffusion in graphite and make a new 
SEI film, potentially constituting a different component in comparison with 
cycling in the absence of a carbon coating. Carbon coating are good for 
suppressing metal deposition on the surface of the graphite and accelerate 
intercalation into graphite-formed LiC6. 
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6. 1,3-Propane sultone has been investigated as an additive for the electrolytes in 
lithium-iom batteries and was found effective for suppressing PC decomposition 
and Li metal deposition on the surface of the natural graphite electrode through 
covering of the active sites of the graphite by the reduced compounds of the 
additive, protecting the graphite surface and maintaining a homogenous potential 
profile of the surface of the electrode. PS additive and their formation processes 
of their protective layers on graphite is a very effective tool for improving safety 
of lithium-ion batteries.  
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